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DEVICE FOR PREDICTING NON-LINEAR,
TIME-DEPENDENT RESPONSES OF A
COMPONENT OF A SYSTEM TO AN INPUT
INTO THE SYSTEM

BACKGROUND

1. Field of the Invention

The teachings generally relate to a non-mechanistic, dif-
ferential-equation-free approach for predicting a particular
non-linear, response of a system to a given input.

2. Description of the Related Art

Research and development has historically relied on
physical modeling to develop new technologies. Given the
speed at which computers can perform computations, and
the vast amount of computer memory available, computer
modeling allows us to speed-up and reduce costs of research
by facilitating the creation of a large number of simulations
over a wide range of physical scales very quickly. As with
physical modeling, computer modeling and simulation deals
with first characterizing and then predicting input-response
type relationships. What type of reaction will occur between
two chemicals? What is the flow response when a given
amount of water is introduced into a particular porous
media? How will the components of a watershed - - - rivers,
reservoirs, aquifers, etc. - - - react when subjected to a given
rainfall or contamination event? How will a person’s blood
glucose level respond to a given meal? How will a diseased
tissue respond to a drug regimen? These are all input-
response-type questions that can be addressed through math-
ematical/computational modeling and simulation. Generally
speaking, this can be referred to as “input-response model-
ing”. In the field of drug design, this can also be referred to
as “dose-response modeling.” An accurate model will give
researchers a way of running simulations to quickly observe
and test a large number of complex input-response phenom-
ena that might be too costly and time-consuming to observe
and test in a real-world setting.

The reliance on physical modeling can be very expensive,
which makes the use of computer modeling an attractive
way to reduce costs. For example, the average drug devel-
oped by a major pharmaceutical company costs at least $4
billion, and it can be as much as $11 billion. The range of
money spent is quite wide, for example, as AstraZeneca has
spent about $12 billion in research money for every new
drug approved; Eli Lilly spent about $4.5 billion per drug;
and, Amgen has spent about $3.7 billion per drug. The costs
are so high, at least in part, because single clinical trial can
cost $100 million, and the combined cost of manufacturing
and clinical testing for some drugs can add up to $1 billion.
Computer modeling of drugs, if improved such that it can be
done efficiently and effectively, can cut costs and help make
the business of drug discovery more attractive. Other indus-
tries, of course, can also benefit from such efficient and
effective computer modeling methods.

State-of-the-art systems and methods, however, typically
use mechanistic computer models to try and avoid the costs
of physical modeling. Unfortunately, such models can be
very complex, insufficient and ambiguous, and moreover,
lacking in accuracy. Such models use established empirical
formulas as “first principles” that provide the framework to
make “mechanistic” predictions. Complex biological sys-
tems can be modeled, for example, using laboratory experi-
ments to establish such first-principle-type relationships
between components of the system. For example, laboratory
experiments can be used to determine the ways in which a
certain disease progresses in the human body, and this can
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2

be used to help predict how effective a drug might be in
stopping, or slowing down, the progression of a disease.

Unfortunately, the current, state-of-the-art approaches
have some serious limitations. There are problems, for
example, in dealing with heterogeneous and complex sys-
tems, in that the models fail by insufficiently characterizing
the systems. Predicting the flow of rainfall through the
ground to an adjacent stream, for example, involves a
complex and heterogeneous combination of media types in
the ground. The variations throughout the media make it
difficult-to-impossible to apply Darcy’s Law accurately in
such a complex system. And, although possible in theory,
accurately identifying and modeling such complex and
heterogeneous media throughout the system is often con-
sidered cost prohibitive, as well as time prohibitive in many
cases. As the systems become more mechanistically com-
plex, of course, we need more empirical relationships and a
more complex model. Hydraulic conductivity mechanisms
may not be enough, for example, as there can also be
chemical reaction mechanisms affecting the movement of
the fluids. Human biological systems are examples of highly
complex systems that are difficult to scale from the lab to the
human body, as measurements that can be taken in the lab
may not be obtainable in the human body, for example. In
predicting the response of a tumor to a drug, for example,
measuring in vitro or ex vivo tumor size and growth in small
time scales is one thing, but getting such in vivo measure-
ments can be difficult-to-impossible. In addition, a system
may have nonlinearities that need to be addressed, requiring
further and often futile attempts at adjusting the mechanistic
model. Moreover, current models often cannot map input
properties to model parameters. This is because they lack the
necessary one-to-one relationships between model param-
eters and model output. This lack of specificity results in an
ambiguity between model parameters and output that makes
it impossible to get unique input-response relationships,
such that the same input can produce a wide range of
responses, or many different inputs could produce the same
response.

Accordingly, one of skill will appreciate a data-based,
non-mechanistic, differential-equation-free approach for
predicting a particular response of a system to a given input.
In particular, one of skill will appreciate having the ability
to (i) reduce the cost of research and development by
offering an accurate modeling of heterogeneous and com-
plex physical systems; (ii) reduce the cost of creating such
systems and methods by simplifying the modeling process;
(iii) accurately capture and model inherent nonlinearities in
cases where sufficient knowledge does not exist to a priori
build a model and its parameters; and, (iv) provide one-to-
one relationships between model parameters and model
outputs, addressing the problem of the ambiguities inherent
in the current, state-of-the-art systems and methods.

SUMMARY

The teachings generally relate to a non-mechanistic, dif-
ferential-equation-free approach for predicting a particular
response of a system to a given input. In some embodiments,
the teachings are generally directed to a non-compartmental
method of predicting a time-dependent response of a com-
ponent of a system to an input into the system. The method
can comprise identifying the system, the component, the
input, and the time-dependent response; wherein, the input
includes a set of actual inputs and a test input, and the
time-dependent response includes a set of time-dependent
actual responses and a test response; obtaining the set of



US 9,460,246 B2

3

time-dependent actual responses of the component to the set
of actual inputs; and, using the set of actual inputs and the
set of time-dependent actual responses to provide a model
for predicting the test response to the test input, the model
comprising the formula:

C(0) = [M§ + M} (kerneD)] + ©
1 — g~ IMD+n] teemen]s
ot
1+ (eK = z)ef[N?Jerl(kemel)]r}

1 — g~ [MR+n L teemen]s }

1+ (eX - z)e—[N,?JrN,%(kemel)]r

[M? + Mll (kernel)]{

[M,? + M; (kernel)]{

wherein,

MOO, . M°, and Mlo, . M', are overall scaling
parameters;

N° . N° andN'| ~ N' areexponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(1) is the time-dependent response to the test input at
time t;

and,

1—e

kermel= ——M————
1+ (eXr —2)e™r 0

wherein, Cj, is the initial amount of the input; K, is a
shifting parameter related to C,; and, a, is shifting and
scaling parameter related to C,.

The teachings include a non-compartmental method of
predicting a time-dependent response of a component of a
mammalian system to an input into the system. And, it
should be appreciated that the response can be measured in
vivo, in vitro, or ex vivo, in some embodiments. The
methods can also comprise selecting a component of the
system, the component selected from the group consisting of
a cell, a tissue, an organ, a DNA, a virus, a protein, an
antibody, a bacteria; selecting a set of actual inputs, the set
of actual inputs having an element selected from the group
consisting of a DNA, a virus, a protein, an antibody, a
bacteria, a chemical, a dietary supplement, a nutrient, and a
drug; obtaining a set of time-dependent actual responses of
the component to the set of actual inputs; and, using the set
of actual inputs and the set of time-dependent actual
responses to provide a model for predicting a test response
to a test input, the model comprising the formula

C(1) = [M§ + M} (kernel)] + %
1 — g~ IMD+n] teemen]s
ot
1+ (eK = z)ef[N?Jerl(kemel)]r}

1 — e[V +n L teemen]s }

1+ (eX - z)e—[N,?JrN,%(kemel)]r

[M? + Mll (kernel)]{

[M,? + M; (kernel)]{

wherein,

MOO, . M°, and Mlo, . M', are overall scaling
parameters;

N% N%and N, N' are exponential scaling
parameters;
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n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(t) is the time-dependent response to the test input at
time t;

and,

1—e %%

kemmel= ——M
1+ (eXr —2)e™ 0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to C,; and, a, is shifting and
scaling parameter related to C,.

In some embodiments, the teachings are directed to a
device for predicting a time-dependent response of a com-
ponent of a physical system to an input into the system. In
these embodiments, the device can comprise a processor; a
database for storing a set of actual input data, a set of
time-dependent actual response data, test input data, and
time-dependent test response data on a non-transitory com-
puter readable medium; an enumeration engine on a non-
transitory computer readable medium to parameterize a
non-compartmental model for predicting a test response to a
test input, the non-compartmental model comprising the
formula

C() = [M + M (kernel)] + )
1 — IV +n] teemen]s
ot
1+ (ek — z)ef[N?Jerl(kemel)]r}

1 — [N +N L teemen]s }

1+ (K - z)e—[N,?JrN,%(kemel)]r

[Ml0 + Mll (kernel)]{

[M,? + M,i (kernel)]{

wherein,

Moo, L, Mon and Mlo, . Mln are overall scaling
parameters;

Nol, o, Non and Nll, o Nln are exponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(t) is the time-dependent response to the test input at
time t;

and,

1—e

kemmel= ——M
1 +(efr —2)gr%0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to Cy; and, a, is shifting and
scaling parameter related to Cy;

and, a transformation module on a non-transitory computer
readable medium to transform the test data into the time-
dependent response data using the non-compartmental
model.

The systems can be virtually any physical or non-physical
system known to one of skill in which that person of skill
may want to predict a particular response of the system to a
given input. In some embodiments, the system can be an
environmental system, and the component can be selected
from the group consisting of air, water, and soil. In some
embodiments, the system can be a mammal, and the com-
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ponent can be selected from the group consisting of a cell,
a tissue, an organ, a DNA, a virus, a protein, an antibody, a
bacteria. In some embodiments, the system can be a chemi-
cal system, a biological system, a mechanical system, an
electrical system, a financial system, a sociological system,
a political system, or a combination thereof. As such, the
teachings provided herein include general methods of pre-
dicting a particular response of any such system to a given
input. For example, a biological system can have a biologi-
cal input, a mechanical system can have a mechanical data
input, an electrical system can have a relative electrical data
input, a financial system can have a relative financial data
input, a sociological system can have a relative sociological
data input, a political system can have a relative political
data input, and the like.

In some embodiments, the teachings are directed to a
device for predicting a time-dependent response of a com-
ponent of a mammalian system to an input into the system.
In these embodiments, the device can comprise a processor;
a database for storing a set of actual input data, a set of
time-dependent actual response data, test input data, and
time-dependent test response data on a non-transitory com-
puter readable medium; an enumeration engine on a non-
transitory computer readable medium to parameterize a
non-compartmental model for predicting a test response to a
test input, the non-compartmental model comprising the
formula

C() = [MJ + M (kernel)] + )

1 — IV Gemen]e
T .o
14 (K = z)e—[Nl+Nl (kemeb)|t

1 — g~ [MR+n L teemen]s }

+(eK — z)e—[N,?JrN,%(kemel)]r

[M? + Mll (kernel)]{

[M,? + M; (kernel)]{ N

wherein,

MOO, . M°, and Mlo, . M', are overall scaling
parameters;

Nol, o N°, and Nll, o N, are exponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(1) is the time-dependent response to the test input at
time t;

and,

1—e

kermel= ——M————
1+ (eXr —2)e™r 0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to Cy; and, o, is shifting and
scaling parameter related to C;

and, a transformation module on a non-transitory computer
readable medium to transform the test data into the time-
dependent response data using the non-compartmental
model.

Any desired component known to one of skill can be used,
in which the desired component is a component of interest
to the person of skill. In some embodiments, the component
can be blood, a tumor cell, a virus, a bacteria, or a combi-
nation thereof.
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Any desired test response known to one of skill can be
used, in which the desired test response is a response of
interest to the person of skill. In some embodiments, the test
response is a bacterial load, a viral load, a tumor marker, a
blood chemistry, or a combination thereof.

Any desired set of actual inputs known to one of skill can
be used, in which the desired set of actual inputs are of
interest to the person of skill. In some embodiments, the set
of actual inputs can include a set of dosages of a drug, a set
of drugs, or a combination thereof.

Any desired input known to one of skill can be used, in
which the desired input is of interest to the person of skill.
In some embodiments, the input is a diabetes drug, and the
time-dependent response can be glucose in the bloodstream.

The systems, methods, and devices taught herein trans-
form input data into response data and, as such, can be used
to obtain the time-dependent test response to the test input.
And, the devices taught herein can be in any form, whether
handheld, desktop, intranet, internet, or otherwise cloud-
based. In some embodiments, the device can be a handheld
device including, but not limited to, a PDA, a smartphone,
an iPAD, a personal computer, and the like, including
devices that are not intended for any other substantial use.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a general technology platform for systems
that can be used in the practice of the methods taught herein,
according to some embodiments.

FIG. 2 illustrates a processor-memory diagram to describe
components of a system, according to some embodiments.

FIG. 3 is a concept diagram illustrating a system taught
herein, according to some embodiments.

FIG. 4 shows an example of a prior art, simple two-
compartment linear model, with forward (kg and reverse
(k,) reactions between the two compartments as well as
elimination (k,) from the second compartment, according to
some embodiments.

FIG. 5 illustrates a flowchart for a non-compartmental
method of predicting a time-dependent response of a com-
ponent of a system to an input into the system, according to
some embodiments.

FIG. 6 shows how a network may be used for the systems
and methods taught herein, in some embodiments.

FIG. 7 shows a prior art, two-compartment linear model
that was constructed to model the PK behavior of a particu-
lar drug, according to some embodiments.

FIG. 8 shows the data used to calibrate this model (find
optimal parameter values) a two-compartment linear model
that was constructed to model the PK behavior of a particu-
lar drug, according to some embodiments.

FIG. 9 shows a linear two-compartment model solute on
for C,(t) compared to data for the pharmacokinetic model-
ing, according to some embodiments.

FIG. 10 shows the C,(t) response function compared to
the data for each of the mg, 100 mg, and 400 mg cases,
according to some embodiments.

FIG. 11 shows the P(t) response function compared to
data for the enzyme reaction modeling, according to some
embodiments.

FIGS. 12A and 12B illustrate the pharmacokinetic and
pharmacodynamic model as used in predicting viral loads in
response to administration of tenofovir, according to some
embodiments.
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FIG. 13 shows a plot of the responses provided using the
systems and methods taught herein as compared to the
large-scale compartment model, according to some embodi-
ments.

FIG. 14 shows a three-compartment model that is used as
a simple representation for the absorption of a compound
between the intestines and bloodstream for a dosing study,
according to some embodiments.

FIG. 15 shows the prediction of the bloodstream concen-
tration vs. time profile for a 1000 mg dose, using both the
linear and systems and methods taught herein, according to
some embodiments.

DETAILED DESCRIPTION

Non-mechanistic, differential-equation-free approaches
for predicting a particular response of a system to a given
input are provided in the form of systems, methods, and
devices. These approaches are generally directed to a non-
compartmental method of predicting a time-dependent
response of a component of a system to an input into the
system. The systems, methods, and devices provide the
ability to (i) reduce the cost of research and development by
offering an accurate modeling of heterogeneous and com-
plex physical systems; (ii) reduce the cost of creating such
systems and methods by simplifying the modeling process;
(iii) accurately capture and model inherent nonlinearities in
cases where sufficient knowledge does not exist to a priori
build a model and its parameters; and, (iv) provide one-to-
one relationships between model parameters and model
outputs, addressing the problem of the ambiguities inherent
in the current, state-of-the-art systems and methods.

FIG. 1 shows a general technology platform for systems
that can be used in the practice of the methods taught herein,
according to some embodiments. The computer system 100
may be a conventional computer system and includes a
computer 105, /O devices 110, and a display device 115.
The computer 105 can include a processor 120, a commu-
nications interface 125, memory 130, display controller 135,
non-volatile storage 140, and I/O controller 145. The com-
puter system 100 may be coupled to or include the I/O
devices 150 and display device 155.

The computer 105 interfaces to external systems through
the communications interface 125, which may include a
modem or network interface. It will be appreciated that the
communications interface 125 can be considered to be part
of the computer system 100 or a part of the computer 105.
The communications interface 125 can be an analog modem,
isdn modem, cable modem, token ring interface, satellite
transmission interface (e.g. “direct PC”), or other interfaces
for coupling the computer system 100 to other computer
systems. In a cellular telephone or PDA, for example, this
interface can be a radio interface for communication with a
cellular network and may also include some form of cabled
interface for use with an immediately available personal
computer. In a two-way pager, the communications interface
125 is typically a radio interface for communication with a
data transmission network but may similarly include a
cabled or cradled interface as well. In a personal digital
assistant, for example, the communications interface 125
typically can include a cradled or cabled interface and may
also include some form of radio interface, such as a BLU-
ETOOTH or 802.11 interface, or a cellular radio interface.

The processor 120 may be, for example, a conventional
microprocessor such as an Intel Pentium microprocessor or
Motorola power PC microprocessor, a Texas Instruments
digital signal processor, or a combination of such compo-
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nents. The memory 130 is coupled to the processor 120 by
a bus. The memory 130 can be dynamic random access
memory (DRAM) and can also include static ram (SRAM).
The bus couples the processor 120 to the memory 130, also
to the non-volatile storage 140, to the display controller 135,
and to the I/O controller 145.

The I/O devices 150 can include a keyboard, disk drives,
printers, a scanner, and other input and output devices,
including a mouse or other pointing device. The display
controller 136 may control in the conventional manner a
display on the display device 155, which can be, for
example, a cathode ray tube (CRT) or liquid crystal display
(LCD). The display controller 135 and the 1/O controller 145
can be implemented with conventional well known technol-
ogy, meaning that they may be integrated together, for
example.

The non-volatile storage 140 is often a FLASH memory
or read-only memory, or some combination of the two. Any
non-volatile storage can be used. A magnetic hard disk, an
optical disk, or another form of storage for large amounts of
data may also be used in some embodiments, although the
form factors for such devices typically preclude installation
as a permanent component in some devices. Rather, a mass
storage device on another computer is typically used in
conjunction with the more limited storage of some devices.
Some of this data is often written, by a direct memory access
process, into memory 130 during execution of software in
the computer 105. One of skill in the art will immediately
recognize that the terms “machine-readable medium,”
“computer-readable storage medium,” or “computer-read-
able medium” includes any type of storage device that is
accessible by the processor 120 and also encompasses a
carrier wave that encodes a data signal. Objects, methods,
inline caches, cache states and other object-oriented com-
ponents may be stored in the non-volatile storage 140, or
written into memory 130 during execution of, for example,
an object-oriented software program. In some embodiments,
these media can include modules or engines, for example, in
which the modules or engines are complete, in that they can
include the software, hardware, software/hardware combi-
nations, and any other components recognized by one of
skill that enable their operability in their functions as taught
herein.

The computer system 100 is one example of many pos-
sible different architectures. For example, personal comput-
ers based on an Intel microprocessor often have multiple
buses, one of which can be an 1/O bus for the peripherals and
one that directly connects the processor 120 and the memory
130 (often referred to as a memory bus). The buses are
connected together through bridge components that perform
any necessary translation due to differing bus protocols.

In addition, the computer system 100 is controlled by
operating system software which includes a file management
system, such as a disk operating system, which is part of the
operating system software. One example of an operating
system software with its associated file management system
software is the family of operating systems known as
Windows CE® and Windows® from Microsoft Corporation
of Redmond, Wash., and their associated file management
systems. Another example of operating system software
with its associated file management system software is the
LINUX operating system and its associated file management
system. Another example of an operating system software
with its associated file management system software is the
PALM operating system and its associated file management
system. The file management system is typically stored in
the non-volatile storage 140 and causes the processor 120 to
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execute the various acts required by the operating system to
input and output data and to store data in memory, including
storing files on the non-volatile storage 140. Other operating
systems may be provided by makers of devices, and those
operating systems typically will have device-specific fea-
tures which are not part of similar operating systems on
similar devices. Similarly, WinCE® or PALM operating
systems may be adapted to specific devices for specific
device capabilities. Other examples include Google’s
ANDROID, Apple’s 1I0S, Nokia’s SYMBIAN, RIM’s
BLACKBERRY OS, Samsung’s BADA, Microsoft’s WIN-
DOWS PHONE, Hewlett-Packard’s WEBOS, and embed-
ded Linux distributions such as MAEMO and MEEGO, and
the like.

The computer system 100 may be integrated onto a single
chip or set of chips in some embodiments, and typically is
fitted into a small form factor for use as a personal device.
Thus, it is not uncommon for a processor, bus, onboard
memory, and display/I-O controllers to all be integrated onto
a single chip. Alternatively, functions may be split into
several chips with point-to-point interconnection, causing
the bus to be logically apparent but not physically obvious
from inspection of either the actual device or related sche-
matics.

FIG. 2 illustrates a processor-memory diagram to describe
components of a system, according to some embodiments.
The system 200 shown in FIG. 2 can include, for example,
a processor 205 and a memory 210 (that can include
non-volatile memory), wherein the memory 210 includes a
subject-profile module 215, a database 220, an offering
module 225, a solutions module 230, an integration engine
235, and an instruction module 240. And, as shown in the
figure, other components can be included.

The system includes an input device (not shown) operable
to allow a user to enter a personalized subject-profile into the
computing system. Examples of input devices include a
keyboard, a mouse, a data exchange module operable to
interact with external data formats, voice-recognition soft-
ware, a hand-held device in communication with the system,
and the like.

The offering module 225 can be embodied in a non-
transitory computer readable storage medium and operable
for offering an opportunity for members of a network
community to provide a submission of input data, response
data, or the like, to the network community. The instruction
module 240 can be embodied in a non-transitory computer
readable storage medium and operable for providing instruc-
tion to a member of the network community regarding a
criteria for making a submission of any type, or interacting
within the community in any way.

The player/challenge database 220 can be embodied in a
non-transitory computer readable storage medium and oper-
able to store a library of users, user-submissions, input data,
response data, and the like, wherein the database can include
any text or any other media, including data compilations,
statistics, and the like, or whatever other information may be
considered useful to the network community.

The subject-profile module 215 can be embodied in a
non-transitory computer readable storage medium and oper-
able for receiving the personalized subject-profile and con-
verting the personalized subject profile into a user profile.
The user profile can comprise a set of personal statistics for
the user, along with a tracking of the user’s participation in
the network community, as well as data regarding the same.
As such, this provides a way for users of similar interests to
identify one another and target community groups, sub-
groups, and even one-on-one communications. The input

10

15

20

25

30

35

40

45

50

55

60

65

10

device can allow a user to enter a personalized subject-
profile into a computing system. And, the personalized
subject-profile can comprise a questionnaire designed to
obtain information to be used to produce a personalized file
for the user.

The transformation module 230 can be embodied in a
non-transitory computer readable storage medium and oper-
able for parsing input data, response data, other such data,
and the like in the database into categories for use in user
analyses. The enumeration engine 235 can be embodied in
a non-transitory computer readable storage medium and
operable to parameterize, for example, a non-compartmental
model for predicting a test response to a test input.

It should be appreciated that any of the modules or
engines can have additional functions, and additional mod-
ules or engines can be added to further provide even more
functionality. Of course, the system will have a processor
205. And, the graphical user interface (not shown) can be
used for displaying video, audio, and/or text to the user.

In some embodiments, the system further comprises a
parameterization module operable 245 to derive select
parameters such as, for example, display-preference param-
eters from the user profile, and the graphical user interface
displays select data from the database 220 in accordance
with the user’s display preferences and in the form of the
customized set of information subset options. Select param-
eters may include user selections, administrator selections,
or some combination thereof. For example, the user may
prefer a select combination of shapes, colors, sound, and any
other of a variety of screen displays and multimedia options.
Furthermore, the selections can be used to personalize and
change the display-preference parameters easily and at any
time.

In some embodiments, the system further comprises a
data exchange module 250 operable to interact with external
data formats obtained from another database or source, such
as a remote memory source, including any external memory
or file known to one of skill, including other user databases
within the network community.

In some embodiments, the system further comprises a
messaging module (not shown) operable to allow users to
communicate with other users. The users can email one
another, post blogs, or have instant messaging capability for
real-time communications. In some embodiments, the users
have video and audio capability in the communications,
wherein the system implements data streaming methods
known to those of skill in the art.

The systems taught herein can be practiced with a variety
of system configurations, including personal computers,
multiprocessor systems, microprocessor-based or program-
mable consumer electronics, network PCs, minicomputers,
mainframe computers, and the like. The teachings can also
be practiced in distributed computing environments where
tasks are performed by remote processing devices that are
linked through a communications network. As such, in some
embodiments, the system further comprises an external
computer connection and a browser program module 270.
The browser program module 270 can be operable to access
external data through the external computer connection.

FIG. 3 is a concept diagram illustrating a system taught
herein, according to some embodiments. The system 300
contains components that can be used in a typical embodi-
ment. In addition to the subject-profile module 215, database
220, the offering module 225, the transformation module
230, the enumeration engine 235, and the instruction module
240 shown in FIG. 2, the memory 210 of the device 300 also
includes parameterization module 245 and the browser
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program module 270 for accessing the external database
320. The system can include a speaker 352, display 353, and
a printer 354 connected directly or through I/O device 350
connected to /O backplane 340.

It should be appreciated that, in some embodiments, the
system can be implemented in a stand-alone device, rather
than a computer system or network, such that the device
functions as a virtual system as provided herein, but does not
perform any other substantially different functions. In FIG.
3, for example, the /O device 350 connects to the speaker
(spkr) 352, display 353, and microphone (mic) 354, but
could also be coupled to other features. Other features can
be added such as, for example, an on/off button, a start
button, an ear phone input, and the like. In some embodi-
ments, the system can turn on and off through motion. And,
in some embodiments, the systems can include security
measures to protect the user’s privacy, integrity of data, or
both.

State-of-the-Art Modeling is Complex, Insufficient, and
Ambiguous

Input-response computer modeling is typically formu-
lated mathematically by relating the rates of change of
species within the system to amounts of species present in
the system. Rates of change are expressed as first-order
derivatives; therefore the resulting formulation is a system
of first-order differential equations. Running a simulation, or
running the model, is simply solving the system of differ-
ential equations. The output of the simulation are the con-
centration vs. time curves of each of the species in the
system. The coefficients of the terms in the differential
equations are often referred to as the parameters of the
model. An example of such a system is given below:

ac,
—=k11C1+k12C2+...+k1nCn
ot
aC,
W=k21C1+k22C2+...+k2nCn
ac,
—=kn1C1+kn2C2+...+k,an;
or
where, in this example, C,, C, . . . , C, represent the

concentrations of the n different species in the system and
k.. ks, - . ., k,, are the parameters of the model. Changing
the values of the parameters will change the output of the
model. Proper adjustment of the parameters will yield the
desired output; i.e.,, concentration curves that match a
desired set of available data. This adjustment of parameters
to produce desired output is referred to as parameter opti-
mization or model calibration.

If all of the k,’s are real-valued constants, then the system
is said to be a linear system of differential equations. Many
physical systems are modeled using linear systems of dif-
ferential equations, but there are often cases where a linear
model is insufficient and a nonlinear model is required. In a
nonlinear system of differential equations, at least one of the
k,;’s is a function of one of the C,’s. For a linear system, the
solution for the C,’s as functions of time will be of the form
C(0)=M,eP"+M,CP""+. . . +M, CP
where, the number of terms n is the same as the number of
species being modeled. Each of the solution variables M,
and B, is a function of the model parameters k,, . . . , k,,,,.
For a linear system, each of the solution functions, C,(t), will
be a linear function of all the initial values, C,(0).
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This approach of setting up a model (system of differential
equations, etc.) with associated parameters that affect the
output (solution functions) is called a mechanistic approach
to modeling. In a mechanistic approach, the model species
and parameters can be constructed to represent actual physi-
ological components (physiologically-based modeling) or
can simply serve as a sufficient number of mathematical
degrees of freedom to allow for accurate model fits to given
data.

In order to formulate a system of differential equations in
the modeling process, a compartmental approach is often
used. That is, a network of compartments is set up, with
connections between each that specify the rate at which
species are transferred between compartments. Compart-
mental models can be constructed using linear or nonlinear
reactions between compartments. In linear models, param-
eter values are constants. FIG. 1 shows an example of a
simple two-compartment linear model, with forward (k) and
reverse (k,) reactions between the two compartments as well
as elimination (k,) from the second compartment. In this
linear model, kj k , and k, are all real-valued constants.

FIG. 4 shows an example of a prior art, simple two-
compartment linear model, with forward (k) and reverse
(k,) reactions between the two compartments as well as
elimination (k,) from the second compartment, according to
some embodiments.

The resulting differential equations are:

Wi _ e vie
15, =k CirkCy
9C,

sz =ksCy —(ky +k,)C2;

where, V, and V, represent the physical volumes of com-
partments 1 and 2, respectively. These volumes are often not
known and have to be either physically or mathematically
estimated. The compartmental modeling approach can be,
but is not always, physiologically-based. In a physiologi-
cally-based model, each compartment represents an actual
physiological entity, and the reactions between compart-
ments are based on expert knowledge of the interactions
between the included physiological entities.

FIG. 4 is an example of a mechanistic approach to
input-response modeling, and the vast majority of input-
response modeling is done using a mechanistic approach. In
this approach, the components of the model - - - nodes,
connections, differential equations, parameters, etc. - - - are
set up based on knowledge of the underlying physical
mechanisms present in the system. Parameter values are
initially set based on expert knowledge of how certain
components of the system should behave with respect to
other related components. This provides a very useful tool in
exploratory research, where one can examine the effects that
result from turning certain ‘knobs’ or ‘handles’ (parameters)
in the model. There are two serious limitations of this
mechanistic approach. The first is one of sufficiency and the
other is one of ambiguity.

Mechanistic models often lack sufficient content to pro-
vide accurate predictions of input-response relationships,
and this is because current expert knowledge is often lacking
in its ability to fully characterize a system or all of the
interactions within a system. This lack of knowledge might
manifest itself in not having enough compartments in a
compartmental model, or in having linear transfer rates
between compartments when in fact the underlying process
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is nonlinear. What is often done in these cases is to go back
to the model and arbitrarily add compartments or make
certain reactions nonlinear, in an attempt provide the nec-
essary mathematical foundation to allow for sufficiently
accurate fits to given data. In this way, many models become
non-physiologically-based when the intent was to build a
physiologically-based model.

Another significant limitation to the mechanistic approach
comes from the fact that in mechanistic models, the model
parameters are serving as an intermediary between the
model inputs and outputs. The parameters are useful in
serving as handles to affect output, but there is often not a
unique mapping between model inputs and output. That is,
there may be more than one way (or even an infinite number
of ways) to achieve a certain output from a given set of
inputs. This ambiguity can be very problematic when
attempting to do things like map the properties of the input
to the output. For example, in a dose-response model, it
would be extremely valuable to be able to map molecular
properties of a drug compound to a particular response
within the body. Using a mechanistic dose-response model,
this mapping would have to go from input to model param-
eters to output. If there are many different sets of model
parameters that can produce the same output, then it
becomes very difficult, or impossible, to use the parameters
as an intermediary in constructing an effective mapping
from input properties (molecular properties of dose com-
pound) to output (response within the body).

The Systems and Methods Set-Forth Herein are Simple,
Sufficient, and Unambiguous

To address the limitations of the current, state-of-the-art,
the teachings set-forth herein include a novel system of
modeling that uses a data-based, non-mechanistic, differen-
tial-equation-free approach for predicting a particular
response of a system to a given input. There is no system of
differential equations, yet the form of the response function
is similar to a solution function obtained from a system of
differential equations. Because there is no system of differ-
ential equations, there are no associated “model param-
eters.” The only unknowns that need to be optimized are the
variables in the response function. This eliminates the poten-
tial ambiguity that is present in using differential equation
parameters as the intermediary between input and output, as
is the case in a mechanistic approach. The response function
for this new approach is an extension of the solution function
for a system of linear differential equations, Equation 1,
where the exponential terms are replaced by terms contain-
ing rational functions of exponentials. The basic form is
given by:

—apt

@

l-e
1+ (&K = e—ant |’

1 -t

C(1) = Mo + M, 71+(e’<—2)e*01'}+"'+M"

If K=In(2), then the response function (2) reduces to a
form that is equivalent to the linear solution function (1).

One of the characteristics of a solution function for a
nonlinear system is that the variables M,, M,, . .., M, and
a,, ..., 0o, are all functions of the initial input condition, or
dose. That is, if we define dose as C,, then My, M, ..., M,
and o, . . ., a, are all functions of C,. In this new
formulation, the functions M,(C,), M, (Cy), . . ., M,,(C,) and
a,(Cy) and o, (Cy), . . ., a,(C,) are also defined using the
formulation of Equation (2). These functions are given by:
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The full implementation of this formulation would require
the estimation of a large number of parameters. In many
embodiments, however, a reduced form will be sufficient for
providing accurate models of input-response relationships.
In some embodiments, a less reduced form, or even the full
implementation, may be used.

The reduced form makes two assumptions. The first is that
the number of terms in the My(C,), M, (C,), . . ., M, (C,) and
a,(Cy), . .., a,(Cy) functions is truncated at 1; i.e., q=1. The
second is that only one a parameter and only one K param-

eter is used for all of the M(C,), M, (C,), . . ., M, (C,) and
o,(Cy), . . ., a,(Cp) functions; i.e.,

ag, ' =0g,'= =ty '=0,,'= . . =a,, '=a, 3)

Kug)' =Kag'= - - =Kag ' =Ko,'= . =K, =K, e}

Substituting the relationships (3) and (4) into the func-

tions M(Co), M, . (Co), ..., M,(Cp) and o, (Cp), . . .,

a,(C,), and truncating those functions at q=1 yields:

MG M0+t 1—eC0 ®)
olCor= Mo+ Mo | ok e nto
1—erC (6)
My(Co) = M+ My | ———————
1+ (e"P —2)e~%P%0
oy N0 e N 1—e M
= + - - @
a1 (Co) =Ny + Ny 1+ (&7 et
@®

@,(Cy) = N2 + N}

n

1—e }

1+ (e8P —2)eorco
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To simplify, define a kernel function, which is a function
of initial input condition, or dose, C,

1 —e %

kernels ————
1+ (er —2)ePC0

Substituting Equations (5)-(8) into Equation (2) yields:
C() = [MJ + M (kernel)] + )
1 — g~ IMD+n] teemen]s
1+ (eK — z)ef[N?Jerl(kemel)]r } oot

1 — g~ [MR+n L teemen]s }

1+ (eX - z)e—[N,?JrN,%(kemel)]r

[M? + Ml1 (kernel)]{

[M,? + Mi (kernel)]{

This new form for the response function allows for
nonlinear model behavior as well as time-lagged effects.
Theoretically, this allows for accurate characterization and
model description of complex physical phenomena. The
new response function contains n terms, where n is an
arbitrary number and can be set to achieve desired accuracy.

The modeling approach using this new formulation is to

estimate the values of K, K,, a,, MO ..., MS,
M2, ... MANC  N and N, L., N, that yield

the best fit of response function to available data. In this
approach, there will be much less (ideally not any) ambi-
guity between values of response function variables and
goodness of fit between model and data. In other words, if
you define error as the difference between available data and
model prediction, then error as a function of response
function variables will be more convex and contain fewer
local minima than the error as a function of model param-
eters in the case of a mechanistic modeling approach.

A great deal of system information is condensed into the
response function variables of the new formulation. Com-
plex phenomena such as nonlinear behavior can be
described using much fewer degrees of freedom than is the
case in a mechanistic approach where a large number of
model parameters is typically used. This will reduce the
redundancy that often occurs in mechanistic models using a
large number of model parameters. The response variables
in the new formulation can even take into account informa-
tion that is not known prior to building a model, but shows
up in the form of response data. Thus, the new formulation
avoids the insufficiency that is often seen in mechanistic
models.

Essentially, the variables in the response function (Equa-
tion (9)) will all be unique functions of the model param-
eters, but the reverse is not true. That is, the model param-
eters are not necessarily unique functions of response
variables (as will be demonstrated in detail in Example 1).
Therefore, the response variables in the systems and meth-
ods taught herein represent some (unknown) function of
model parameters, if there were model parameters. But
because the systems and methods taught herein allow for
nonlinear behavior, for which there are not analytical solu-
tions, the response variables represent complicated functions
of many different potential model parameters, and therefore
provide sufficiency in the case where sufficient knowledge
does not exist to a priori build the model and its parameters.
This new formulation also removes the ambiguity that exists
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in mechanistic modeling approaches, where model param-
eters are not unique functions of response variables.

The optimization of the response variables in the systems
and methods taught herein is even more complicated than
the optimization of the variables in the linear response
function given by Equation (1), and requires a series of
unconstrained and constrained linear and nonlinear optimi-
zation procedures (which are described in more detail in
Example 9). It should be noted that if a linear response
function is sufficient, then the optimization of the response
variables in the systems and methods taught herein can be
used, in some embodiments, to yield a response function that
is equivalent to the linear response function given by Equa-
tion (1). Therefore, the systems and methods taught herein
will accurately describe both linear and nonlinear phenom-
ena. Once optimal values of response variables are obtained
for a given system, the model can be used to yield an
accurate prediction of the system’s response to the intro-
duction of an input of interest. The goal of this method is to
provide accurate input-response predictions over a wide
range of scale. For example, this algorithm could be used to
make accurate predictions of responses on the tissue/organ-
scale in the human body based solely on the molecular
properties of input compounds. This could have significant
impact in areas such as absorption-distribution-metabolism-
excretion (ADME) prediction in drug design, as well as drug
development in personalized medicine.

FIG. 5 illustrates a flowchart for a non-compartmental
method of predicting a time-dependent response of a com-
ponent of a system to an input into the system, according to
some embodiments. The method can comprise identifying
505 the system and the component, identifying 510 the
input, and identifying 515 the time-dependent response;
wherein, the input includes a set of actual 520 inputs and a
test 525 input, and the time-dependent response includes a
set of time-dependent actual 530 responses and a test 535
response; obtaining the set of time-dependent actual
responses of the component to the set of actual inputs; and,
using the set of actual inputs and the set of time-dependent
actual responses to provide 540 a model for predicting the
test response to the test input, the model comprising the
formula:

C() = [M + M (kernel)] + )
1 — e IV Gemen]e
ot
1+ (e — z)ef[N?Jerl(kemel)]r}

1 — [N +N L teemen]s }

+(eK -2) e—[N,?JrN,% (kernel)]t

[Ml0 + Mll (kernel)]{

[M,? + M,i (kernel)]{ N

wherein,

M® . M° andM', = M are overall scaling
parameters;

Nol, o, Non and Nll, o Nln are exponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(t) is the time-dependent response to the test input at
time t;

and,

1-—e %%

kemmel= ——M
1+ (eXr —2)e™ 0
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wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to C,; and, a, is shifting and
scaling parameter related to C,.

The last step in FIG. 5 is using 550 the model for

predictions.

Non-compartmental methods of predicting a time-depen-
dent response of a component of a mammalian system to an
input into the system are also provided. In these embodi-
ments, the methods can comprise selecting a component of
the system, the component selected from the group consist-
ing of a cell, a tissue, an organ, a DNA, a virus, a protein,
an antibody, a bacteria; selecting a set of actual inputs, the
set of actual inputs having an element selected from the
group consisting of a DNA, a virus, a protein, an antibody,
a bacteria, a chemical, a dietary supplement, a nutrient, and
a drug; obtaining a set of time-dependent actual responses of
the component to the set of actual inputs; and, using the set
of actual inputs and the set of time-dependent actual
responses to provide a model for predicting a test response
to a test input, the model comprising the formula

C() = [MJ + M (kernel)] + )
1 — IV Gemen]e
ot
1+ (ek — z)ef[N?Jerl(kemel)]r}

1 — g~ [MR+n L teemen]s }

1+ (ek — z)e—[N,?JrN,%(kemel)]r

[M? + Mll (kernel)]{

[M,? + M; (kernel)]{

wherein,

MOO, . M°, and Mlo, . M', are overall scaling
parameters;

Nol, o N°, and N* Lo, N, are exponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(1) is the time-dependent response to the test input at
time t;

and,

1—e %

kemmel= ——M
1+ (eXp —2)e™ 0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to C,; and, a, is shifting and
scaling parameter related to C,.

Devices for predicting a time-dependent response of a
component of a physical system to an input into the system
are provided. In these embodiments, the device can com-
prise a processor; a database for storing a set of actual input
data, a set of time-dependent actual response data, test input
data, and time-dependent test response data on a non-
transitory computer readable medium; an enumeration
engine on a non-transitory computer readable medium to
parameterize a non-compartmental model for predicting a
test response to a test input, the non-compartmental model
comprising the formula

C() = [MJ + M (kernel)] + )
1 — g~ IMD+n] teemen]s

o+
1+ (eK = z)ef[N?Jerl(kemel)]r}

[M? + Mll (kernel)]{
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-continued
1 — [N +N L teemen]s }

1+ (K - z)e—[N,?JrN,%(kemel)]r

[M,? + M,i (kernel)]{

wherein,

MOO, . M°, and Mlo, . M!, are overall scaling
parameters;

N° ~ N°andN'| ~ N' areexponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(t) is the time-dependent response to the test input at
time t;

and,

1-—e %%

kemmel= ——M
1+ (eXr —2)e™ 0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to C,; and, a, is shifting and
scaling parameter related to Cy;

and, a transformation module on a non-transitory computer
readable medium to transform the test data into the time-
dependent response data using the non-compartmental
model.

The systems can be virtually any physical or non-physical
system known to one of skill in which that person of skill
may want to predict a particular response of the system to a
given input. In some embodiments, the system can be an
environmental system, and the component can be selected
from the group consisting of air, water, and soil. In some
embodiments, the system can be a mammal, and the com-
ponent can be selected from the group consisting of a cell,
a tissue, an organ, a DNA, a virus, a protein, an antibody, a
bacteria. In some embodiments, the system can be a chemi-
cal system, a biological system, a mechanical system, an
electrical system, a financial system, a sociological system,
a political system, or a combination thereof. As such, the
teachings provided herein include general methods of pre-
dicting a particular response of any such system to a given
input. For example, a biological system can have a biologi-
cal input, a mechanical system can have a mechanical data
input, an electrical system can have a relative electrical data
input, a financial system can have a relative financial data
input, a sociological system can have a relative sociological
data input, a political system can have a relative political
data input, and the like.

In some embodiments, the input into the system can cause
a substantial effect or a negligible effect. The term “negli-
gible effect” can be used, for example, to mean that the
activity does not increase or decrease more than about 10%
when compared to any one or any combination of the
compounds of interest, respectively, without the other com-
ponents. In some embodiments, the term “negligible effect”
can be used to refer to a change of less that 10%, less than
9%, less than 8%, less than 7%, less than 6%, less than 5%,
less than 4%, and less than 3%. In some embodiments, the
term “negligible effect” can be used to refer to a change
ranging from about 3% to about 10%, in increments of 1%.

The effects of the input can be biological, such as in drug
testing or the testing of compositions used in treating a
subject. The compositions tested, for example, can be
referred to as extracts, compositions, compounds, agents,
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active agents, bioactive agents, supplements, drugs, and the
like. In some embodiments, the terms “composition,” “com-
pound,” “agent,” “active”, “active agent”, “bioactive agent,”
“supplement,” and “drug” can be used interchangeably and,
it should be appreciated that, a “formulation” can comprise
any one or any combination of these. Likewise, in some
embodiments, the composition can also be in a liquid or dry
form, where a dry form can be a powder form in some
embodiments, and a liquid form can include an aqueous or
non-aqueous component. Moreover, the term “bioactivity”
can refer to the function of the compound when adminis-
tered in any way known to one of skill, including parenter-
ally or non-parenterally, including orally, topically, or rec-
tally to a subject. In some embodiments, the term “target
site” can be used to refer to a select location on or in a
subject that could benefit from an administration of a
compound. In some embodiments, a target can include any
site of action in which the agent’s activity, such as any
therapeutic activity including anti-hyproliferative activity,
antioxidant activity, anti-inflammatory activity, analgesic
activity, and the like, can serve a benefit to the subject. The
target site can be a healthy or damaged tissue of a subject.
As such, the teachings include a method of administering
one or more compounds taught herein to any healthy or
damaged tissue, such as epithelial, connective, muscle, or
nervous tissue, including hematopoietic, dermal, mucosal,
gastrointestinal or otherwise.

The systems and methods herein can determine the sta-
bility of a composition in a system. In some embodiments,
a composition or formulation can be considered as “stable”
if it loses less than 10% of its original activity. In some
embodiments, a composition or formulation can be consid-
ered as stable if it loses less than 5%, 3%, 2%, or 1% of its
original activity. In some embodiments, a composition or
formulation can be considered as “substantially stable” if it
loses greater than about 10% of its original activity, as long
as the composition can perform it’s intended use to a
reasonable degree of efficacy. In some embodiments, the
composition can be considered as substantially stable if it
loses activity at an amount greater than about 12%, about
15%, about 25%, about 35%, about 45%, about 50%, about
60%, or even about 70%. The activity loss can be measured
by comparing activity at the time of packaging to the activity
at the time of administration, and this can include a reason-
able shelf life. In some embodiments, the composition is
stable or substantially stable, if it remains useful for a period
ranging from 3 months to 3 years, 6 months to 2 years, 1
year, or any time period therein in increments of about 1
month.

Moreover, the systems and methods provided herein can
be used in predicting the efficacy of therapeutic treatments.
The terms “treat,” “treating,” and “treatment” can be used
interchangeably in some embodiments and refer to the
administering or application of the compositions and for-
mulations taught herein, including such administration as a
health or nutritional supplement, and all administrations
directed to the prevention, inhibition, amelioration of the
symptoms, or even a cure of a condition in a subject. The
terms “disease,” “condition,” “disorder,” and “ailment” can
be used interchangeably in some embodiments. The term
“subject” and “patient” can be used interchangeably in some
embodiments and refer to an animal such as a mammal
including, but not limited to, non-primates such as, for
example, a cow, pig, horse, cat, dog, rat and mouse; and
primates such as, for example, a monkey or a human. As
such, the terms “subject” and “patient” can also be applied
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to non-human biologic applications including, but not lim-
ited to, veterinary, companion animals, commercial live-
stock, and the like.

In some embodiments, the methods further comprise
orally administering an effective amount of an oral dosage
form of a composition to a subject to systemically treat a
disease or disorder, including any disease or disorder taught
herein. In some embodiments, the methods further comprise
orally administering an effective amount of an oral dosage
form of a composition to a subject as a dietary supplement.
In some embodiments, the methods further comprise orally
administering an effective amount of an oral dosage form of
a composition to a subject in combination with a second
drug. In some embodiments, the teachings are directed to a
method of treating an inflammation of a tissue of subject, the
method comprising administering an effective amount of a
composition to a tissue of the subject. In some embodiments,
the teachings are directed to treating a wounded tissue, the
method comprising administering an effective amount of a
composition to a tissue of the subject. In some embodiments,
the teachings are directed to treating a hyperproliferative
disorder, such as cancer, either liquid or solid, the method
comprising administering an effective amount of a compo-
sition to a subject in need thereof.

An “effective amount” of a compound can be used to
describe a therapeutically effective amount or a prophylac-
tically effective amount. An effective amount can also be an
amount that ameliorates the symptoms of a disease. A
“therapeutically effective amount” can refer to an amount
that is effective at the dosages and periods of time necessary
to achieve a desired therapeutic result and may also refer to
an amount of active compound, prodrug or pharmaceutical
agent that elicits any biological or medicinal response in a
tissue, system, or subject that is sought by a researcher,
veterinarian, medical doctor or other clinician that may be
part of a treatment plan leading to a desired effect. In some
embodiments, the therapeutically effective amount should
be administered in an amount sufficient to result in amelio-
ration of one or more symptoms of a disorder, prevention of
the advancement of a disorder, or regression of a disorder. In
some embodiments, for example, a therapeutically effective
amount can refer to the amount of an agent that provides a
measurable response of at least 5%, at least 10%, at least
15%, at least 20%, at least 25%, at least 30%, at least 35%,
at least 40%, at least 45%, at least 50%, at least 55%, at least
60%, at least 65%, at least 70%, at least 75%, at least 80%,
at least 85%, at least 90%, at least 95%, or at least 100% of
a desired action of the composition.

In cases of the prevention or inhibition of the onset of a
disease or disorder, or where an administration is considered
prophylactic, a prophylactically effective amount of a com-
position or formulation taught herein can be used. A “pro-
phylactically effective amount™ can refer to an amount that
is effective at the dosages and periods of time necessary to
achieve a desired prophylactic result, such as prevent the
onset of a sunburn, an inflammation, allergy, nausea, diar-
rhea, infection, and the like. Typically, a prophylactic dose
is used in a subject prior to the onset of a disease, or at an
early stage of the onset of a disease, to prevent or inhibit
onset of the disease or symptoms of the disease. A prophy-
lactically effective amount may be less than, greater than, or
equal to a therapeutically effective amount.

In some embodiments, a therapeutically or prophylacti-
cally effective amount of a composition may range in
concentration from about 0.01 nM to about 0.10 M; from
about 0.01 nM to about 0.5 M; from about 0.1 nM to about
150 nM; from about 0.1 nM to about 500 uM; from about 0.1
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nM to about 1000 nM, 0.001 puM to about 0.10 M; from
about 0.001 puM to about 0.5 M; from about 0.01 uM to about
150 puM; from about 0.01 uM to about 500 uM; from about
0.01 uM to about 1000 nM, or any range therein. In some
embodiments, the compositions may be administered in an
amount ranging from about 0.005 mg/kg to about 100
mg/kg; from about 0.005 mg/kg to about 400 mg/kg; from
about 0.01 mg/kg to about 300 mg/kg; from about 0.01
mg/kg to about 250 mg/kg; from about 0.1 mg/kg to about
200 mg/kg; from about 0.2 mg/kg to about 150 mg/kg; from
about 0.4 mg/kg to about 120 mg/kg; from about 0.15 mg/kg
to about 100 mg/kg, from about 0.15 mg/kg to about 50
mg/kg, from about 0.5 mg/kg to about 10 mg/kg, or any
range therein, wherein a human subject is often assumed to
average about 70 kg. Moreover, the systems and methods
taught herein can use micro-dosing, which can include the
administration of dosages that are one, two, or perhaps three
orders of magnitude less than the dosages described above,
in some embodiments.

Any drug activity can be investigated using the systems
and methods taught herein. In some embodiments, the
activity can include, for example, free radical scavenger and
antioxidant, inhibiting lipid peroxidation and oxidative
DNA damage; anti-inflammatory activity; neurological
treatments for Alzheimer’s disease (anti-amyloid and other
effects), Parkinson’s disease, and other neurological disor-
ders; anti-arthritic treatment; anti-ischemic treatment; treat-
ments for multiple myeloma and myelodysplastic syn-
dromes; psoriasis treatments (topically and orally); cystic
fibrosis treatments; treatments for liver injury and alcohol-
induced liver disease; multiple sclerosis treatments; antiviral
treatments, including human immunodeficiency virus (HIV)
therapy; treatments of diabetes; cancer treatments; and,
reducing risk of heart disease; to name a few.

Any response can be investigated using the systems and
methods taught herein. For example, the amounts of the
agents can be reduced, even substantially, such that the
amount of the agent or agents desired is reduced to the extent
that a significant response is observed from the subject. A
“significant response” can include, but is not limited to, a
reduction or elimination of a symptom, a visible increase in
a desirable therapeutic effect, a faster response to the treat-
ment, a more selective response to the treatment, or a
combination thereof. In some embodiments, the other thera-
peutic agent can be administered, for example, in an amount
ranging from about 0.1 pg/kg to about 1 mg/kg, from about
0.5 pg/kg to about 500 pg/kg, from about 1 pg/kg to about
250 pg/kg, from about 1 ng/kg to about 100 pg/kg from
about 1 pug/kg to about 50 ng/kg, or any range therein.
Combination therapies can be administered, for example, for
30 minutes, 1 hour, 2 hours, 4 hours, 8 hours, 12 hours, 18
hours, 1 day, 2 days, 3 days, 4 days, 5 days, 6 days, 7 days,
8 days, 9 days, 10 days, 2 weeks, 3 weeks, 4 weeks, 6 weeks,
3 months, 6 months 1 year, any combination thereof, or any
amount of time considered desirable by one of skill. The
agents can be administered concomitantly, sequentially, or
cyclically to a subject. Cycling therapy involves the admin-
istering a first agent for a predetermined period of time,
administering a second agent or therapy for a second pre-
determined period of time, and repeating this cycling for any
desired purpose such as, for example, to enhance the efficacy
of the treatment. The agents can also be administered
concurrently. The term “concurrently” is not limited to the
administration of agents at exactly the same time, but rather
means that the agents can be administered in a sequence and
time interval such that the agents can work together to
provide additional benefit. Each agent can be administered
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separately or together in any appropriate form using any
appropriate means of administering the agent or agents. One
of skill can readily select the frequency, duration, and
perhaps cycling of each concurrent administration.

As such, in some embodiments, the teachings are directed
to a device for predicting a time-dependent response of a
component of a mammalian system to an input into the
system. In these embodiments, the device can comprise a
processor; a database for storing a set of actual input data,
a set of time-dependent actual response data, test input data,
and time-dependent test response data on a non-transitory
computer readable medium; an enumeration engine on a
non-transitory computer readable medium to parameterize a
non-compartmental model for predicting a test response to a
test input, the non-compartmental model comprising the
formula

C(1) = [M§ + M} (kernel)] + %
1 — IV +n] teemen]s

o+
1+ (ek = z)ef[N?Jerl(kemel)]r}

[Ml0 + Mll (kernel)]{

. . - e—[N2+N,IL (kemnel)t
[M, + M, (kernel)]
1

+(eK —2) o IND+N ) (kemeD]e

wherein,

M%, . M° and M', M', are overall scaling
parameters;

N° ~ N°andN'| ~ N' areexponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(t) is the time-dependent response to the test input at
time t;

and,

1—e

kemmel= ——M————
1+ (efr —2)e™r 0

wherein, C, is the initial amount of the test input; K, is a
shifting parameter related to Cy; and, a, is shifting and
scaling parameter related to Cg;

and, a transformation module on a non-transitory computer
readable medium to transform the test data into the time-
dependent response data using the non-compartmental
model.

Any desired component known to one of skill can be used,
in which the desired component is a component of interest
to the person of skill. In some embodiments, the component
can be blood, a tumor cell, a virus, a bacteria, or a combi-
nation thereof.

Any desired test response known to one of skill can be
used, in which the desired test response is a response of
interest to the person of skill. In some embodiments, the test
response is a bacterial load, a viral load, a tumor marker, a
blood chemistry, or a combination thereof.

Any desired set of actual inputs known to one of skill can
be used, in which the desired set of actual inputs are of
interest to the person of skill. In some embodiments, the set
of actual inputs can include a set of dosages of a drug, a set
of drugs, or a combination thereof.

Any desired input known to one of skill can be used, in
which the desired input is of interest to the person of skill.
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For example, the systems, methods, and devices can be used
in drug screening. In some embodiments, the input is a
diabetes drug candidate, and the time-dependent response
can be glucose in the bloodstream. In some embodiments,
the input is a cancer drug candidate, and the time-dependent
response can be a cell apoptosis, tumor size reduction,
reduced metastasis. In some embodiments, the input is an
antibiotic drug candidate, and the time-dependent response
can be a bacterial load. In some embodiments, the input is
an antiviral drug candidate, and the time-dependent response
can be a viral load. In some embodiments, the input is an
immunomodulatory drug candidate, and the time-dependent
response can be a measure of an immune response. In some
embodiments, the input is an anti-inflammatory drug can-
didate, and the time-dependent response can be an inflam-
matory response. In some embodiments, the input is an
analgesic drug candidate, and the time-dependent response
can be a pain response.

The systems, methods, and devices taught herein trans-
form input data into response data and, as such, can be used
to obtain the time-dependent test response to the test input.
And, the devices taught herein can be in any form, whether
handheld, desktop, intranet, internet, or otherwise cloud-
based. In some embodiments, the device can be a handheld
device including, but not limited to, a PDA, a smartphone,
an iPAD, a personal computer, and the like, including
devices that are not intended for any other substantial use.

FIG. 6 shows how a network may be used for the systems
and methods taught herein, in some embodiments. FIG. 6
shows several computer systems coupled together through a
network 605, such as the internet, along with a cellular
network and related cellular devices. The term “internet” as
used herein refers to a network of networks which uses
certain protocols, such as the TCP/IP protocol, and possibly
other protocols such as the hypertext transfer protocol
(HTTP) for hypertext markup language (HTML) documents
that make up the world wide web (web). The physical
connections of the internet and the protocols and commu-
nication procedures of the internet are well known to those
of skill in the art.

Access to the internet 605 is typically provided by internet
service providers (ISP), such as the ISPs 610 and 615. Users
on client systems, such as client computer systems 630, 650,
and 660 obtain access to the internet through the internet
service providers, such as ISPs 610 and 615. Access to the
internet allows users of the client computer systems to
exchange information, receive and send e-mails, and view
documents, such as documents which have been prepared in
the HTML format, for example. These documents are often
provided by web servers, such as web server 620 which is
considered to be “on” the internet. Often these web servers
are provided by the ISPs, such as ISP 610, although a
computer system can be set up and connected to the internet
without that system also being an ISP.

In some embodiments, the system is a web enabled
application and can use, for example, Hypertext Transfer
Protocol (HTTP) and Hypertext Transfer Protocol over
Secure Socket Layer (HTTPS). These protocols provide a
rich experience for the end user by utilizing web 2.0
technologies, such as AJAX, Macromedia Flash, etc. In
some embodiments, the system is compatible with Internet
Browsers, such as Internet Explorer, Mozilla Firefox, Opera,
Safari, etc. In some embodiments, the system is compatible
with mobile devices having full HTTP/HTTPS support, such
as IPHONE, ANDROID, SAMSUNG, POCKETPCs,
MICROSOFT SURFACE, video gaming consoles, and the
like. Others may include, for example, IPAD and ITOUCH
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devices. In some embodiments, the system can be accessed
using a Wireless Application Protocol (WAP). This protocol
will serve the non HTTP enabled mobile devices, such as
Cell Phones, BLACKBERRY devices, etc., and provides a
simple interface. Due to protocol limitations, the Flash
animations are disabled and replaced with Text/Graphic
menus. In some embodiments, the system can be accessed
using a Simple Object Access Protocol (SOAP) and Exten-
sible Markup Language (XML). By exposing the data via
SOAP and XML, the system provides flexibility for third
party and customized applications to query and interact with
the system’s core databases. For example, custom applica-
tions could be developed to run natively on APPLE devices,
Java or Net-enabled platforms, etc. One of skill will appre-
ciate that the system is not limited to any of the platforms
discussed above and will be amenable to new platforms as
they develop.

The web server 620 is typically at least one computer
system which operates as a server computer system and is
configured to operate with the protocols of the world wide
web and is coupled to the internet. Optionally, the web
server 620 can be part of an ISP which provides access to the
internet for client systems. The web server 620 is shown
coupled to the server computer system 625 which itself is
coupled to web content 695, which can be considered a form
of a media database. While two computer systems 620 and
625 are shown in FIG. 6, the web server system 620 and the
server computer system 625 can be one computer system
having different software components providing the web
server functionality and the server functionality provided by
the server computer system 625 which will be described
further below.

Cellular network interface 643 provides an interface
between a cellular network and corresponding cellular
devices 644, 646 and 648 on one side, and network 605 on
the other side. Thus cellular devices 644, 646 and 648, which
may be personal devices including cellular telephones, two-
way pagers, personal digital assistants or other similar
devices, may connect with network 605 and exchange
information such as email, content, or HTTP-formatted data,
for example. Cellular network interface 643 is coupled to
computer 640, which communicates with network 605
through modem interface 645. Computer 640 may be a
personal computer, server computer or the like, and serves as
a gateway. Thus, computer 640 may be similar to client
computers 650 and 660 or to gateway computer 675, for
example. Software or content may then be uploaded or
downloaded through the connection provided by interface
643, computer 640 and modem 645.

Client computer systems 630, 650, and 660 can each, with
the appropriate web browsing software, view HTML pages
provided by the web server 620. The ISP 610 provides
internet connectivity to the client computer system 630
through the modem interface 635 which can be considered
part of the client computer system 630. The client computer
system can be, for example, a personal computer system, a
network computer, a web TV system, or other such computer
system.

Similarly, the ISP 615 provides internet connectivity for
client systems 650 and 660, although as shown in FIG. 6, the
connections are not the same as for more directly connected
computer systems. Client computer systems 650 and 660 are
part of a LAN coupled through a gateway computer 675.
While FIG. 6 shows the interfaces 635 and 645 as generi-
cally as a “modem,” each of these interfaces can be an
analog modem, isdn modem, cable modem, satellite trans-
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mission interface (e.g. “direct PC”), or other interfaces for
coupling a computer system to other computer systems.

Client computer systems 650 and 660 are coupled to a
LAN 670 through network interfaces 655 and 665, which
can be ethernet network or other network interfaces. The
LAN 670 is also coupled to a gateway computer system 675
which can provide firewall and other internet related ser-
vices for the local area network. This gateway computer
system 675 is coupled to the ISP 615 to provide internet
connectivity to the client computer systems 650 and 660.
The gateway computer system 675 can be a conventional
server computer system. Also, the web server system 620
can be a conventional server computer system.

Alternatively, a server computer system 680 can be
directly coupled to the LAN 670 through a network interface
685 to provide files 690 and other services to the clients 650,
660, without the need to connect to the internet through the
gateway system 675.

Through the use of such a network, for example, the
system can also provide an element of social networking,
whereby users can contact other users having similar sub-
ject-profiles, or user can contact anyone in the public to
forward the personalized information. In some embodi-
ments, the system can include a messaging module operable
to deliver notifications via email, SMS, TWITTER, FACE-
BOOK, LINKEDIN, and other mediums. In some embodi-
ments, the system is accessible through a portable, single
unit device and, in some embodiments, the input device, the
graphical user interface, or both, is provided through a
portable, single unit device. In some embodiments, the
portable, single unit device is a hand-held device.

Regardless of the information presented, the system
includes a broader concept of a platform for the research
community, whether corporate, academic, private, or not-
for-profit, for example, to communicate in an engaging way,
whether confidential or public. For example, the systems and
methods taught herein can enable researchers to use a
computer/mobile network mobile interface to propose prob-
lems and solutions, offer data, request data, and otherwise
communicate regarding issues of common interest. The
systems and methods presented herein can be considered a
“game-changer” in art of research and development using
computer modeling.

It should be also appreciated that the methods and dis-
plays presented herein, in some embodiments, are not inher-
ently related to any particular computer or other apparatus,
unless otherwise noted. Various general purpose systems
may be used with programs in accordance with the teachings
herein, or it may prove convenient to construct a specialized
apparatus to perform the methods of some embodiments.
The required structure for a variety of these systems will be
apparent to one of skill given the teachings herein. In
addition, the techniques are not described with reference to
any particular programming language, and various embodi-
ments may thus be implemented using a variety of program-
ming languages. Accordingly, the terms and examples pro-
vided above are illustrative only and not intended to be
limiting; and, the term “embodiment,” as used herein, means
an embodiment that serves to illustrate by way of example
and not limitation. The following examples are illustrative of
the uses of the present invention. It should be appreciated
that the examples are for purposes of illustration and are not
to be construed as limiting to the invention.

Example 1
Pharmacokinetics Modeling

The systems and methods taught herein can be used in
pharmacokinetic (PK) models. In this example, a compart-
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mental approach was used in a PK model to show the
advantages of using the non-mechanistic formulations and
modeling approaches taught herein.

PK models are often used to describe the fate of sub-
stances administered externally to a living organism. In drug
development, they are typically used to model the concen-
tration of a drug in the bloodstream after oral, intravenous,
or subcutaneous introduction into the body. PK analysis is
performed by non-compartmental or compartmental meth-
ods. Non-compartmental methods estimate the exposure to
a drug by estimating parameters such as area under the
concentration-time curve (AUC), mean residence time,
clearance, elimination half-life, elimination rate constant,
peak plasma concentration (C,,,.), time to reach C and
minimum inhibitory concentration (MIC). Compartmental
methods estimate the concentration-time graph using kinetic
models. The advantage of compartmental over some non-
compartmental analyses is the ability to predict the concen-
tration at any time. The disadvantage is the difficulty in
developing and validating the proper model.

1.1 Compartmental Pharmacokinetics

FIG. 7 shows a prior art, two-compartment linear model
that was constructed to model the PK behavior of a particu-
lar drug, according to some embodiments. In this example,
the first compartment represents the gastro-intestinal (GI)
region and the second represents plasma.

The resulting differential equations are:

max?

v2% _ _pcirkC

i T Rttty
ac,

VoL = ks Ci= (ke +k)Ci

where, C, and C, are the concentrations of the drug in the GI
and plasma compartments, respectively; V, and V,, are the
volumes of distribution for the GI and plasma compart-
ments, respectively; and k, k,, and k, are the reaction rate
constants. The initial conditions for this model are C,(0)=
initial dose=C,, C,(0)=0.

The species of interest in this example is the plasma
concentration, C,,.. The solution to this system of differential
equations for C,, is:

Cpl1) = MCy(ePt' — P2,

Bi > P
where,
—kp  ky+k, \/(kf k,+k3]2 ek, 10
Vi Vp Vi VD V‘VP
B = g
—k; kevke (kf . k,+k3]2 Ik, an
Vi Vp Vi Vo ViV
B = 2
k 12
M £ (12)

v (kf+k,+kg]2 Ak pk,
A7 1 ViVp

Note that, regardless of the parameter values, the solution
for C,(1) is linear with respect to the initial dose; i.e.,
solutions for different initial doses are simply scalar multi-
plies of one another.
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FIG. 8 shows the data used to calibrate this model (find
optimal parameter values), a two-compartment linear model
that was constructed to model the PK behavior of a particu-
lar drug, according to some embodiments. Doses of 25 mg,
100 mg, and 400 mg were administered orally. See, for
example, Bergman, A., et al. Biopharm. Drug Dispos., 28:
307-313 (2007), which is hereby incorporated herein by
reference in its entirety.

When the solution variables f3,, 3, and M are optimized
to yield the best fit for all of the data, the resulting optimal
values are:

B,=-0.0025
B,=-0.0165
M=13

which gives the solution for any initial dose as
Cp(l):13co(e—0.0025 LI 6—0.0165 r)

In this case, the optimized solution variables give the best
fit for the middle dose data, while overestimating the lower-
dose data and underestimating the higher-dose data.

FIG. 9 shows a linear two-compartment model solute on
for C,(t) compared to data for the pharmacokinetic model-
ing, according to some embodiments. In particular, the
model solution for C,(t) is compared to the data for each of
the 25 mg, 100 mg, and 400 mg cases. It shows that the
model provides a good fit to the 100 mg data, but there is an
overestimation of the 25 mg data and a significant under-
estimation of the 400 mg data.

One limitation of the mechanistic modeling approach—
the inability of the linear two-compartment model to accu-
rately model the fate of the drug over the entire range of dose
values; i.e., an insufficiency. The mechanistic approach lacks
the necessary structure to adequately model the PK of this
drug over the entire range of dose values. In this case, an
insufficiency is that one of reaction rates is non-linear rather
than linear. Adding compartments in this case will not
improve the results.

Another limitation of the mechanistic modeling
approach—ambiguity of model parameters, as shown by the
following analysis: Equations (10)-(12) give expressions for
solution variables (p;, 5, and M) in terms of model param-
eters (ks k,, k.. V,, and V). In order to find the values of
model parameters that correspond to a given set of optimal
values for solution variables, we must find expressions for
model parameters in terms of solution variables. These
expressions are found by enforcing the constraints that all
model parameters be greater than zero.

a3

k

-1 = Vf =-p
v - ky (14

PT M- B)
BBV, as)

e = T

krV, 16
k= (=1 = PV = = ke o

By choosing any combination of k. and V, that satisfies
condition (13), one can then solve for the remaining param-
eters V,, k_, and k, using the given solution variable values
(By> Ps» and M) and Equations (14)-(16). Therefore, in this
particular example with p; =-0.0025, p,=-0.0165, and
M=13, the optimal values for k, V,, V,, k,, and k, are any
that satisfy the following conditions:
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k 17
0.0025 < Vf <0.0165 un

V, =549k, (18)

7 19
T WA ks

ke, 20
ky=0.019%V, - fv" G0

i

—k,

By choosing any combination of k.and V, that satisfies
condition (17), one can then solve for the remaining param-
eters V,,, k. and k, using Equations (18)-(20). Thus, while
there is only one set of solution variable values that result
from a given set of model parameter values (Equations
(10)-(12)), there are an infinite number of model parameter
values that can result from a given set of solution variable
values (Equations (13)-(16)). This non-unique solution to
parameter-mapping illustrates the ambiguity that is present
in a mechanistic approach to modeling, where model param-
eters are used as intermediaries between inputs and model
outputs (solution functions). This ambiguity makes it diffi-
cult-to-impossible to map input properties to output solu-
tions by way of model parameters.

1.2 Non-Compartmental Pharmacokinetics

The systems and methods taught herein are non-compart-
mental in design. Non-compartmental PK analysis fits con-
centration-time curves to available data, and then uses these
curves to estimate parameters such as AUC, half-life, C,, .,
and time to reach C,, . The PK parameters can then be used,
for example, to describe the behavior of a drug after it is
introduced into the body.

The systems and methods taught herein are different than
traditional non-compartmental PK approaches for at least
the reason that traditional approaches use a mathematical
formulation similar to Equation (1), which describes a linear
system. The systems and methods taught herein, for
example, are also able to automatically describe non-lin-
earities in the system and give more accurate fits to the data.
Moreover, there is the problem of non-unique mappings,
which is also an issue with current non-compartmental PK
analyses. Different concentration-time curves can have the
same AUC but different C,,, , or the same C,, ., but different
AUC, for example. And, different concentration-time curves
can have the same AUC but different shapes, resulting in the
time above minimum concentration being different (different
clearance rates). One of skill will appreciate that such
ambiguities make it difficult to map properties of an input
compound to its PK parameters, significantly impacting the
value of PK properties in making predictions of the behavior
of potential drug compounds in a system.

The Systems and Methods Taught Herein Yield Predic-
tions that are More Accurate than Current State-of-the-Art
Methods

Using the systems and methods taught herein, we can
construct a model that yields accurate predictions of the fate
of'the drug over the entire range of dose values. The systems
and methods taught herein provide equation (9), as taught
herein for example, which is a three-term model that worked
well for this particular PK example. Optimization of the
response variables for the C,(t) function gives the following
optimized values of the variables in the response function of
equation (9) for the PK example:
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TABLE 1
: 0 1 0 1
K Kp a, term i M; M; N; N;
2.283  0.150  0.0010 0 -0.028 0.081 — —
1 -3.430 -10.433 0.0040 0.0037
2 4432 10.121 0.0667 0.0274

It should be appreciated that the systems and methods
taught herein provided a simplified modeling approach, as
regardless of how many compartments or nonlinear reac-
tions might have been attempted to achieve sufficient accu-
racy from a mechanistic approach to this problem, the
systems and methods provided herein were sufficient with
only the 13 values shown in Table 1.

FIG. 10 shows the C,(t) response function compared to
the data for each of the mg, 100 mg, and 400 mg cases,
according to some embodiments. As seen in FIG. 10, the
systems and methods taught herein use the C,(t) response
function to fit the data very well, illustrating that the systems
and methods taught herein can accurately capture the inher-
ent nonlinearity and, therefore, accurately model the fate of
the drug over the entire range of dose values.

The additional degrees of freedom in the systems and
methods taught herein provided a model that was more
accurate than the compartmental model. In this example, the
mechanistic compartment model contains only five model
parameters and therefore involves fewer degrees of freedom
than the systems and methods taught herein. In contrast, the
two compartments, linear reactions, and five parameters in
the compartmental model were not sufficient, as they did not
adequately model the fate of the drug over the entire range
of dose values. One of skill will appreciate that such current,
state-of-the-art models can easily become large and involve
hundreds of parameters. The systems and methods taught
herein, however, provided sufficient accuracy using much
fewer degrees of freedom, reducing the ambiguity that is
otherwise present in the mechanistic approach with its large
number of parameters.

Example 2
Enzyme Reaction Modeling (Non-Linear Kinetics)

This example models enzymatic reactions, which are
inherently nonlinear in nature. Many input-response models
are constructed using an assumption of linear reaction
kinetics, which is often insufficient, particularly for large-
scale and complex phenomena. One of skill will appreciate
that, as shown in the previous PK example, a linear model
may not accurately describe the fate of a drug over a wide
range of input doses.

Enzyme kinetics is the study of the chemical reactions
that are catalyzed by enzymes. The effects of reaction
conditions on reaction rate are investigated which can reveal
the catalytic mechanism of the enzyme, its role in metabo-
lism, how its activity is controlled, and how a drug or an
agonist might inhibit the activity. Typically, an enzymatic
reaction involves an enzyme E binding to a substrate S to
form a complex ES, which in turn is converted to a product
P and the enzyme. This is represented schematically as:

keat

kr
E+S2ESZE+P

"

denote the rate constants.
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Applying the law of mass action, which states that the rate
of a reaction is proportional to the product of the concen-
trations of the reactants, gives a system of four non-linear
differential equations that define the rate of change of
reactants with time t:

AT (E)S) + ko [ES) -
ar

, 22

% = —ks[E1[S] + ke [ES] + ke [ES] -

A[ES] e
5 = kr[ENIS] =K LES] = kea[ES]

. 24
o = kea[ES]

In this mechanism, the enzyme E is a catalyst, which only
facilitates the reaction, so its total concentration, free plus
combined, [E]+[ES]=[E],, is a constant. This conservation
law can also be obtained by adding Equations (22) and (23).
This system is nonlinear because of the products [E][S] that
appear.

If you make the assumption that the concentration of the
intermediate complex does not change on the time-scale of
product formation, then

A[ES]

5 =02 kg ENS) = K ES] + keu [ES].

Combining this with the enzyme concentration law gives:

_ [ELIS]
Tkt kea <
& ¥

[ES]

From Equation (24),

Pl kel ELolS]
Tk kea[ES] = T —
— +[S]

kg

If we define the following constants,

Vinax = kear[Elo  the maximum reaction velocity

_ ki + Koot
f

K, the Michaelis constant;

then, we arrive at the Michaelis-Menten model of enzyme
kinetics

@5

which relates the rate of product formation to the concen-
tration of substrate.
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State-of-the-Art Michaelis-Menten Models Create Error
Due to Invalid Assumptions

Michaelis-Menten-type rates are not only used to model
enzyme kinetics but are also used to model other saturable,
nonlinear phenomena. Michaelis-Menten-type rates are
often used in mechanistic compartment modeling to describe
the nonlinear rate at which one species in a system is
produced as a function of the concentration of some other
species in the system. For this reason, it provides a very
useful and practical example for comparing the systems and
methods taught herein to typical mechanistic approaches to
modeling nonlinear phenomena. The problem with using
Michaelis-Menten-type rates for applications other than
those for which it was derived is that the assumptions used
to derive the approximation might not be applicable. For
example, two assumptions used in deriving the Michaelis-
Menten approximation are 1) k_ <<k, and 2) E, (the initial
enzyme concentration)<<S, (the initial substrate concentra-
tion). But these assumptions might not always be valid when
attempting to use a Michaelis-Menten-type rate between two
compartments in a systems biology model, which is often
done.

To illustrate the error involved in using Michaelis-
Menten-type rates when the underlying assumptions might
not be valid, consider a system where k=k~k_,=0.2 and
E,=10.0. A Michaelis-Menten approximation (Equation
(25)) of this system would have V,,,,=2.0 and K,=2.0. It
was found that using the systems and methods taught herein,
using Equation (9) in some embodiments, a two-term model
was sufficient for this particular enzymatic reaction
example. Optimization of the solution variables for the P(t)
function gives optimized values of the variables in Equation
9 as shown in Table 2 for the enzyme reaction modeling:

TABLE 2
; 0 1 0 1
K K, a, termi  M; M; N; N;
1.065 2.798  0.1986 0 -0.002 -0.038 — —
1 0.992  0.057 0.2352 -0.0866

FIG. 11 shows the P(t) response function compared to
data for the enzyme reaction modeling, according to some
embodiments. As shown in FIG. 11, the solution for P(t)
using the system of differential equations (Equations (21)-
(24)) can be compared to P(t) obtained using the Michaelis-
Menten approximation and to that obtained using the sys-
tems and methods taught herein, for S, values of 5.0, 10.0,
and 20.0. The symbols represent the solution for P(t) from
the system of differential equations, the dashed line repre-
sents the solution for P(t) using the Michaelis-Menten
approximation, and the solid line represents the solution for
P(t) using the systems and methods taught herein. The
lowest lines are the solutions for the S;=5.0 case, the middle
set of lines are the solutions for the S,=10.0 case, and the top
lines are the solutions for the S;=20.0 case. As can be readily
seen from FIG. 11, the state-of-the-art method of using the
Michaelis-Menten approximation shows a substantially
inferior predictive power than the systems and methods
taught herein.

One of skill will appreciate that the systems and methods
taught herein provide a much more accurate representation
for the solution of the system of differential equations over
the entire range of initial substrate concentrations.

Example 3
Pharmacodynamic Modeling

This example compares the results of a published phar-
macodynamic model to a model constructed using the
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systems and methods taught herein. From this example, one
of skill will appreciate that the systems and methods taught
herein provide a more accurate viral load response predic-
tion than that obtained using the published, state-of-the-art
large-scale compartmental model which contains many
compartments, differential equations, nonlinear reactions,
and parameters.

While PK models are used to describe the fate of sub-
stances administered externally to a living organism, phar-
macodynamic (PD) models are used to describe the response
of some system entity to the introduction of a substance
administered externally. It is often said that PK models
describe what the body does to a drug, whereas PD models
describe what the drug does to the body. In terms of
input-response, PK models describe the response of the
input compound upon introduction into the body, while PD
models describe the response of some other system entity
after introduction of a certain compound. Both are input-
response models, but in PD modeling, the response of
interest is a system component that is different than the input
compound. For example, a PD model might describe the
amount of a certain type of infectious bacteria that is present
over time after introduction of a specific antibiotic; whereas,
a PK model would describe the fate of the antibiotic over
time.

The published model is a PD model designed to predict
HIV wviral load response to the administration of the drug
tenofovir in oral doses of 75, 150, 300, and 600 mg. See
Duwal, S., et al. PLoS One, 7(7):e40382 (2012), which is
hereby incorporated herein by reference in its entirety. The
published PD model is coupled to a pharmacokinetic model,
a four-compartment model containing both linear and non-
linear Michaelis-Menten kinetics, and it consists of a non-
linear system of eight differential equations. As such, the
coupled pharmacokinetic-pharmacodynamic model is a
mechanistic model containing 12 species and 31 free param-
eters. As a virus dynamics model, it was used to predict viral
loads following tenofovir treatment in HIV-infected
patients.

FIGS. 12A and 12B illustrate the pharmacokinetic and
pharmacodynamic model as used in predicting viral loads in
response to administration of tenofovir, according to some
embodiments. FIG. 12A is a drawing of a pharmacokinetic
model of the system, and FIG. 12B is a drawing of a virus
dynamics model. In FIG. 12A, D refers to an input dose of
tenofovir disoproxil fumurate (TDF), an antiviral pro-drug,
in a subject. With respect to plasma PK, C, is a compartment
that resembles plasma pharmacokinetics, and C, is a com-
partment for the poorly perfused (peripheral) tissues in the
pharmacokinetic model. With respect to cell PK, C_,,
resembles the concentrations of tenofovir disphosphate
(TFV-DP) in peripheral blood mononuclear cells. Param-
eters k,, and k,, are the rate constants for influx and outflux
to/from the peripheral compartment C,, and k, and k, are the
rates of TFV uptake for the elimination into/out-of C,,
respectively. F,, is bioavailability. V,, . and k,, are Michae-
lis-Menten kinetics parameters, and k_,,, is the cellular elimi-
nation rate constant of TFV-DP. See, for example, pages 2
and 3 of Duwal, S., et al. PLoS One, 7(7):e40382 (2012).

FIG. 12B is coupled to FIG. 12A in that the $, ,, CL
and CL,, parameters in the pharmacodynamics model are
functions of the C_,; concentration from the pharmacoki-
netics model. In FIG. 12B, In brief, the virus dynamics
model comprises T-cells, macrophages, free non-infectious
virus (T,, M, V,;, respectively), free infectious virus V,
and four types of infected cells: infected T-cells and mac-
rophages prior to proviral genomic integration (T, and M,,
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respectively) and infected T-cells and macrophages after
proviral genomic integration (T, and M,, respectively). A,
and A, are the birth rates of uninfected T-cells and macro-
phages, and 3, and §,, denote their death rate constants. The
parameters Op;c - and 8., refer to the intracellular deg-
radation of essential components of the pre-integration com-
plex, e.g., by the host cell proteasome, which return early
infected T-cells and macrophages to an uninfected stage,
respectively. Parameters f§, and f3,, denote the rate of suc-
cessful virus infection of T-cells and macrophages in the
presence of TFV-DP, respectively, while the parameters CL .
and CL,, denote the clearance of virus through unsuccessful
infection of T-cells and macrophages in the presence of
TFV-DP. Parameters k, and k,, are the rate constants of
proviral integration into the host cell’s genome and N,/* and
N,/ denote the total number of released infectious and
non-infectious virus from late infected T-cells and macro-
phages and N, and N, , are the rates of release of infectious
virus. The parameters d,, 85, 0,, and §,,, are the death
rate constants of T, T,, M,, and M, cells, respectively. The
free virus (infectious and non-infectious) gets cleared by the
immune system with the rate constant CL. See, for example,
pages 3 and 4 of Duwal, S., et al. PLoS One, 7(7):e40382
(2012).

The complicated modeling shown by FIGS. 12A and 12B
can be simplified using the systems and methods taught
herein. It was found, for example, that using the systems and
methods taught herein, which includes using Equation (9), a
three-term model was sufficient. Optimization of the
response variables for the viral load function gives the
following optimized values of the variables as shown in
Table 3:

TABLE 3

; 0 1 0 1
K K, a, termi  M; M; N; N;
0.233 5.010 0.0211 0 0.76 0.14 — —

1 2621  7.63 0.0007  0.0054

2 -5.24 2.68 -0.0004 0.0131

FIG. 13 shows a plot of the responses provided using the
systems and methods taught herein as compared to the
large-scale compartment model, according to some embodi-
ments. The published model (PM) was taken from Duwal, et
al. See Duwal, S., et al. PLoS One, 7(7):¢40382 (2012), as
described herein. The systems and methods taught herein are
the new model (NM) and are compared to PM. Dashed and
dotted lines represent PM, the predicted median viral kinet-
ics, using the model of Duwal. The symbols represent actual
data points from the observed viral kinetics, and the solid
lines represent predicted responses using the systems and
methods taught herein, NM. Once daily 75 mg TDF dosing
and once daily 300 mg TDF dosing are shown.

As shown in FIG. 13, the new model is able to accurately
capture the same input-response behavior that is produced
by the larger mechanistic model. This increased level of
accuracy is important not only in dosing studies of tenofovir
but also in creating more accurate predictions of viral load
response to test input compounds other than tenofovir.
Surprisingly, the systems and methods taught herein func-
tioned very well with only 13 response variables rather than
the 31 model parameters used by the state-of-the-art model.
As such, the systems and methods taught herein are less
prone to the ambiguity in model parameter to solution
mapping that is present in a mechanistic model. One of skill
will appreciate this surprising and unexpected control over

10

15

20

25

30

35

40

45

50

55

60

65

34

such ambiguities, particularly if one were to try to make
predictions of the pharmacodynamic response based on
properties of input compounds.

Example 4

Quantitative Structure-Activity Relationship
(QSAR) Predictions

This example shows that the systems and methods taught
herein can be used to determine quantitative structure-
activity relationships (QSAR), the mapping of molecular
structure properties of an input compound to a response, or
activity, within a given system. QSAR allows one of skill,
for example, to (i) summarize a relationship between chemi-
cal structures and biological activity in a dataset of chemi-
cals; and (ii) predict the activities of new chemicals. It is this
same type of characterization and prediction that can be
obtained with the systems and methods taught herein, sig-
nificantly impacting a wide variety of fields, including drug
design and personalized medicine. One of skill will appre-
ciate that the systems and methods taught herein can be used
to relate properties of an input to a particular response profile
and address the desire to relate the variables of an input-
response model (the model parameters in a mechanistic
model or the response function variables in the systems and
methods taught herein, for example) to properties of the
input. Moreover, one of skill will also appreciate the systems
and methods taught herein for their ability to relate param-
eters of a dose response model in drug design to the
molecular properties of a proposed drug (input compound).
The accurate mapping of input molecular properties to
model parameters allows the art to input compounds cov-
ering a wide range of molecular properties and get an
accurate description of the resulting response for each.
Accordingly, the systems and methods taught herein provide
the basis for an ‘in silico’ screening process, where one
could select an input compound that yields the most desir-
able response.

Mechanistic models lack the necessary one-to-one rela-
tionships between model parameters and model output. As
demonstrated in previous examples, this is why such mecha-
nistic models are often unable to produce sufficient maps of
input properties to model parameters. This is a problem of “a
lack of specificity,” in that it is possible to achieve the same
output from many different sets of model parameters. Unfor-
tunately, this lack of specificity between parameters and
output is a serious problem in that it becomes impossible to
expose unique input-response relationships. For example, by
way of ambiguous parameters, the same input could produce
a wide range of responses, or many different inputs could
produce the same response. The systems and methods taught
herein, however, can reduce or even eliminate this ambigu-
ity, and allow for more accurate mappings between input
properties and output (response) profiles via the response
function variables.

Using Molecular Properties to Select Drug Candidates

Molecular properties are often used to determine if a
chemical compound with a certain pharmacological or bio-
logical activity has properties that would make it a likely
orally active drug in humans. Such properties can include,
but are not limited to, number of hydrogen bond donors,
number of hydrogen bond acceptors, molecular weight,
octanol-water partition coefficient, electrostatic potential,
surface charge, surface potential, density, ionization energy,
H, oporizations Bayararion> lipophilicity parameter, pK,, boiling
point, refractive index, dipole moment, reduction potential,
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ovality, HOMO energy, polarizability, molecular volume,
vdW surface area, molecular refractivity, hydration energy,
surface area, LUMO energy, charges on individual atoms,
solvent accessible surface area, maximum + and - charge,
hardness, Taft’s steric parameter, 3D configuration of atoms,
and secondary structure such as helices, beta strands, beta
sheets, coils, and loops. Molecular properties that are more
geometrical in nature are used, for example, to determine if
a chemical compound meets the essential, or desired, struc-
tural parameters for binding with a receptor. Because the
systems and methods taught herein can remove much of the
ambiguity between input properties and response profiles,
they will be more likely to make accurate mappings from
biological activity and structural properties of candidate
drug molecules to response profiles. As such, the systems
and methods taught herein can provide an extremely valu-
able tool for pre-clinical modeling and prediction of activity
against a given target, or PK-ADME (absorption, distribu-
tion, metabolism, and excretion) properties of candidate
drug compounds.

The Problem of Ambiguity in Current, State-of-the-Art
Modeling

To demonstrate the ambiguity that would arise in attempt-
ing to map molecular properties of an input compound to
variables in the response function, consider the pharmacoki-
netic modeling problem presented in Example 1. As was
shown in that example, there were an infinite number of
model parameter values (k, k,, k., V,, and V) that could
yield the desired values for the variables {3, f§,, and M in the
solution function C,(t) when using a linear, mechanistic,
compartmental modeling approach. A typical QSAR study
of this problem would attempt to map molecular properties
of an input compound to model parameter values. For
example, if molecular weight (W) and partition coeflicient
(log P) were the predominant factors in the pharmacokinetic
properties of a compound, then one would attempt to
describe the model parameters k k,, and k,, as functions of
W and log P (it is assumed that V,, and V,, are parameter
values that would have to be estimated but would be
independent of W and log P). Once such functions are
constructed, the values of the response function variables
(By, B, and M) would be directly determined by the molecu-
lar weight and partition coeflicient of the input compound.
This is shown mathematically below:

py=F(ksk k) k=G (W log P)
Bo=Folksk,. k) k,=Gy(W,log P)
Bs=F3lksk k) k,=Gy(W.log P)

py=H,(Wlog P)=F (G (W ]og P),G5(W,log P),G3(W,
log P))

= B,=H,(Wlog P)=F>(G,(Wlog P),G5(W,log
P),G3(Wlog P)

M=H;(W,log P)=F3(G,(Wog P),Gy(W,log P),G3(¥,

log P)) (26)

Therefore, given the molecular weight and partition coef-
ficient of an input compound, the values of response func-
tion variables could be computed directly, thus giving a
complete time-course pharmacokinetic profile of that com-
pound. Examples of F, F,, and F; functions were given in
Example 1, Equations (10)-(12). Attempting to compute
accurate molecular property to model parameter functions
(G, G,, and G; functions) demands a set of input-response
data for input compounds covering a range of molecular
properties. This data would be used to find the optimal
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function types and function values for the molecular prop-
erty to model parameter functions.

The limitation of this approach comes from the ambiguity
that is present in attempting to construct the molecular
property to model parameter functions. For the sake of
simplicity, consider the case where molecular weight is the
only property that affects response. And consider the same
pharmacokinetic problem from Example 1, where the values
[,=-0.0025, p,==0.0165, and M=13 were found to provide
the best fit to the given observations of response (the data
sets of responses to given inputs). In that example, expres-
sions were derived for model parameter values as functions
of solution variable values (Equations (13)-(16)). These
expressions showed that for a given set of §;, f,, and M
values, there are an infinite number of model parameter
values that can result. These expressions also provided
bounds for the model parameter values. Thus, the molecular
property to model parameter functions must be bounded in
this case. There are many types of functions that can provide
such bounds, but consider the functional form given in
Equation (2) using only two terms:

1- —ocW

This function is bounded by M°+M' and M°-M*/c. Using

this form to define the parameter values as functions of W
gives:

1 _E—U'IW

kp=G (W)=M{+ M}(m]
1 _e—U'ZW

k= Ga(W) = My +M5(m]
0 L 1_8—0'3W

ko= st =5 )

Equation (13) from Example 1 gives the allowable range
for k,as a function of the given 8, and f3,, and the calculated
V.,

i

Gy(W

Vi )S—ﬁz

ky
—ﬁlﬁvﬁ—ﬁzi—ﬁlﬁ

Since G(W)/V, is bounded by (1/V,)(M,°+M,") and
(1/V,))(M,°-M,*/c,) then

Lo, a1
-p1 = V(Ml +Mp)=-p

and

ﬁ’<1(M° Mll]< B

I_V; 1 o) 2

! 1
:|M1|1+a <(f1-p)V;

Ml
BVi- M = M{ < —frVi+ L (G Mi <0)
Mo e gt

—ﬁl\/;+?sM15—ﬁzVi—M1 (if My >0);
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Where, B,<0, ,<0, V,>0, M,°>0, and c¢,>0. There are no
constraints placed on (i.e., —o=<0=c0).

Thus, the allowable values for M,°, M,*, and ¢, are given
by the B, p,, and V, values obtained from fitting the data.
Thus, there are an infinite number of values for the variables
(M,°, M, ", and c,) that describes the relationship between
the molecular property W and the model parameter k. This
will also be true of the variables describing the relationship
between the molecular property W and the model parameters
k, and k.. Depending on the values of f§;, ,, and V,, the
range of allowable values for M,°, M,*, and ¢, could be
quite large.

There are, of course, other types of nonlinear functional
forms that could be used for the G(W) functions, but all will
introduce additional parameters and the same type of ambi-
guity will result. Therefore, the non-unique mappings that
exist between model parameters and response functions in a
mechanistic model will extend to the mappings between
input molecular properties and model parameters in a QSAR
study. This will result in a non-unique mapping between
input molecular properties and output response functions.
Such a non-unique mapping will make it prohibitively
difficult to obtain accurate and effective QSAR predictions.

Using the Systems and Methods Taught Herein; Elimi-
nating Mechanistic Modeling Parameters to Reduce Ambi-
guity

The approach for QSAR prediction using the systems and
methods taught herein is to start with input-response data for
input compounds having a wide range of molecular prop-
erties. For each compound, various doses would be tested
and a model can be built using the new formulation; i.e.,
optimal values would be found for the response function
variables K, K, a,, M,% . .., M% My, ..., M5,
N,° ...,Nand N,%, ..., N,'. A mapping can then be
constructed between the molecular properties of the input
compounds and the optimal values of the response function
variables. Once this mapping, or set of functions, is found,
then predictions can be made as to what type of response
will result from introduction of a given compound into the
system. All that would be required as input is the specific
values of the molecular properties of a compound. These
values would then uniquely determine the values of the
response function variables in the systems and methods
taught herein, which would give a time-course profile of the
desired response. Using that time-course profile, one could
evaluate the effectiveness of the input compound in achiev-
ing a desired response. The mapping from molecular prop-
erties to response functions will contain less ambiguity
because it eliminates the intermediate step of mechanistic
model parameters. It will be much more likely to obtain
accurate mappings between input molecular properties and
response function variables because of the reduction in
ambiguity. With such mappings, virtual screenings can be
performed to assess the likelihood that a particular input
compound will produce a desired response. A mathematical
description of the QSAR process using the systems and
methods taught herein is given below.

Using available data, models would be set up for each
input compound based on the observed responses due to
various doses. Each of these models would contain optimal

values of the response function variables K, K, o,
M, .. MM, ., ML NS, L, N and
N,%,...,N, . From these models, functions would be fit that

map molecular properties of the input to the variables in the
response function. These functions are analogous to the H
functions that were composed in the mechanistic case
(Equations (26)). For example, if molecular weight, W, and
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partition coefficient log P were the only molecular properties
considered, there would be 4n+5 functions, where n is the
number of the final term in the response function. Using the
optimal values of response function variables that were
derived for each input compound, and the molecular weight
and partition coefficient of each compound, the following
functions (mappings) would be estimated:

K = Hy(W, logP)
K, = Hy(W, logP)
ap = H3 (W, logP)

Mg = Hy(W, logP)  N{ = Hanis(W, logP)

M) = Hyq(W, logP) NS = Hspps(W, logP)

M} = Hys(W, logP)  Ni = Hsp6(W, logP)

M) = Haus(W, logP) N, = Hapys(W, logP)

In some embodiments, there would typically be more than
two molecular properties considered, and thus the construc-
tion of the H functions would require higher-dimensional
approximations. The extension to higher dimensions does
not significantly alter the basic approach, but it would
require additional computational cost.

Once the H functions are established, a direct connection
is made from molecular weight and partition coefficient of a
compound to values of the response function variables.
Based on this connection, when a new compound is con-
sidered, its molecular weight and partition coeflicient are
used to calculate values of the variables in the response
function. After calculating the values of the variables in the
response function, the result is a full time-course profile of
the response. This profile can then be used to assess prop-
erties such as maximum concentration, time to maximum
concentration, time above a minimum concentration, clear-
ance, permeability, size of solid tumor, etc. - - - all of which
are very valuable in systems biology and drug design
modeling. These predictions of response provide an
extremely valuable tool by which large numbers of com-
pounds can be screened very quickly using high-speed and
large-storage computers.

Example 5
Micro-Dosing Studies

Micro-dosing is a technique for studying the behavior of
drugs in humans through the administration of doses so low
(“sub-therapeutic”) that they are unlikely to produce whole-
body effects, but high enough to allow the cellular response
to be studied. This allows us to see the PK of the drug with
almost no risk of side effects. This is usually conducted
before clinical Phase I trials to predict whether a drug is
viable for that phase of testing. Human micro-dosing aims to
reduce the resources spent on non-viable drugs and the
amount of testing done on animals. As only micro-dose
levels of the drug are used, analytical methods are limited
and extreme sensitivity is needed. Accelerator mass spec-
trometry (AMS) is the most common method for micro-dose
analysis. Many of the largest pharmaceutical companies
have now used micro-dosing in drug development, and the
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use of the technique has been provisionally endorsed by both
the European Medicines Agency and the Food and Drug
Administration. It is expected that human micro-dosing will
gain a secure foothold at the discovery-preclinical interface
driven by early measurement of candidate drug behavior in
humans.

There are many reasons for potential drug candidates to
be dropped from the pharmaceutical pipeline. A suitable
compound must demonstrate efficacy in the target patient
population and have an acceptable safety profile, require-
ments which are themselves extremely demanding. One
property of a compound that influences these and other
factors is its PK profile. That is, how efficiently the com-
pound is absorbed from the site of administration into the
body, how well it is distributed to various sites within the
body, including the site of action, and how rapidly and by
what mechanism(s) it is eliminated, by excretion and
metabolism (ADME—absorption, distribution, metabolism
and excretion). Furthermore, the vast majority of com-
pounds are metabolized, therefore the fate of the newly
formed metabolites must be taken into account, as many of
these are active and some have adverse side effects. It has
been estimated that between 10% and 40% of potential
drugs fail during early clinical trials because of unsuitable
PK features. A poor PK profile may render a compound of
so little therapeutic value as to be not worth developing. For
example, very rapid elimination of a drug from the body
would make it impractical to maintain a compound at a
suitable level to have the desired effect. Clearly, the ideal is
to only test in humans those compounds that have desirable
PK properties. However, this is no trivial task. The problem
is that despite significant progress to date generally, we are
still unable to predict the PK profile in humans of many drug
classes from in vitro and computer-based methods. We are
therefore reliant on information gained in animals, which is
based on past experience and has been the most predictive,
to help screen the compounds for those with an appropriate
PK profile. One commonly-applied approach to predicting a
human PK profile based on animal data is allometric scaling,
which scales the animal data to humans, assuming that the
only difference among animals and humans is body size.
While body size is an important determinant of PK, it is
certainly not the only feature that distinguishes humans from
animals and, therefore, this simple approach has been esti-
mated to have less than 60% predictive accuracy.

This is where micro-dosing comes in. Clinical testing
phases 1 to 3 involve evaluating pharmacological doses
generally first in human volunteers and then in patients for
efficacy and safety. The hypothesis is that micro-dosing will
help reduce or replace the extensive testing in animals of the
many compounds that do not have desirable PK properties
in humans and subsequently would be rejected. But what is
a micro-dose, and how could it help? A micro-dose is so
small that it is not intended to produce any pharmacologic
effect when administered to humans and therefore is also
unlikely to cause an adverse reaction. For practical purposes
this dose is defined as Yiooth of that anticipated to produce
a pharmacological effect, or 100 micrograms, whichever is
the smaller. The interest in giving such a micro-dose to
humans early in the drug development process is centered on
the view that many of the processes controlling the PK
profile of a compound are independent of dose level. There-
fore, a micro-dose will provide sufficiently useful PK infor-
mation to help decide whether it is worth continuing com-
pound development, which includes, for example, toxicity
testing in animals.
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Computer models can provide valuable analytical tools in
the area of micro-dosing, although there are serious practical
hurdles that must be resolved. As we have seen in the
previous examples, a computer model that does not accu-
rately capture all of the linear and nonlinear effects within a
system will not yield accurate extrapolations of low-dose
results to higher-doses. This is where the systems and
methods herein will have significant positive impact, where
in some embodiments they will include a dose-response
model using several different micro-doses, and then extrapo-
late that model to higher, therapeutic doses.

Testing of the systems and methods taught herein has
shown that in true micro-dosing studies, if the low-dose data
used to construct the model covers a wide enough range,
then accurate predictions can be made for doses that are
roughly one order of magnitude higher. To illustrate this
point, consider the case of intestinal drug absorption. The
absorption of drugs via the oral route is a subject of intense
and continuous investigation in the pharmaceutical industry
since good bioavailability implies that the drug is able to
reach the systemic circulation by mouth. The intestine is an
important tissue that regulates the extent of absorption of
orally administered drugs, since the intestine is involved in
first-pass removal. A simple model of intestinal drug absorp-
tion focuses on the permeation of a drug compound across
the epithelial cells that separate the blood vessels and
intestines. The ability of a compound to permeate the cell
layer is governed by diffusive processes as well as cell
membrane transporters that can actively move compounds in
the opposite direction of a concentration gradient. These
transporters counteract the permeation of a compound that
would occur by diffusion alone, due to a concentration
gradient.

The simple model of intestinal drug absorption can be
represented as a three-compartment model, where one com-
partment represents the intestine, one the cell layer, and the
other the bloodstream. Forward and reverse diffusion rates
can be set up between the compartments, and the cell
membrane transporters can be represented by a non-revers-
ible rate between the cell and the intestine. Because the
capacity of the cell membrane transporters is limited, it is a
“saturable” process. That is, once the transporters have
become saturated with a particular compound, they can no
longer accept any more and will then continue to transport
at a constant rate. This type of saturable process is nonlinear
and is typically modeled using Michaelis-Menten kinetics.
The compartment model and associated differential equa-
tions are given below.

FIG. 14 shows a three-compartment model that is used as
a simple representation for the absorption of a compound
between the intestines and bloodstream for a dosing study,
according to some embodiments. The compartment model-
ing can include the following equations:

\% G =k, C; + &, C, +( )C
[y 14 2Le C, e
V—Ce—kc—k +k3)Ce + ks Cp — | ——— |,
LT 1Ci = (k2 3)Ce b ( Ce) €

v, 2% _c— kG
bat—Se 4% b,

where, V,, V_, and V,, represent the volumes of distribution
for the intestinal, epithelial cell, and bloodstream compart-
ments, respectively; k,, k,, ks, and k, represent the diffusion
rates; and k,,, V,, are the Michaelis-Menten rate constants
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for the active transport. For the purpose of this example,
V=V =v,=10, k,=%k,=1.0, k;=%k,=5.0, %k, =1.0, and
V,,=5.0. The initial concentrations are all 0 except for the
intestinal compartment whose initial condition is equal to
the input dose, C,.

In order to perform a dosing study, C, values of 1, 10, and
100 mg were used to construct a model of the absorption of
a compound between the intestines and bloodstream using
the new formulation and a linear model that does not take
into account the nonlinear transport effect. It would be
reasonable to expect that, given these initial values, a linear
model might be chosen since that would provide a fairly
accurate fit to the data. The two models were then used to
predict the concentration profile in the blood compartment
that results from an input dose of 1000 (one order of
magnitude higher than the highest dose used to construct the
model). The model results were then compared to the
numerical solution of the system of differential equations
(referred to as the “data”). It was found that using the
systems and methods taught herein (using Equation (9)), a
three-term model was sufficient for this particular example.
Optimization of the response variables for the C,(t) function
gives the following optimized values of the variables in the
response function used by the systems and methods taught
herein for the dosing study, as shown in Table 4:

TABLE 4
; 0 1 0 1
K K, a, termi  M; M; N; N;
1.684 1.259 0.1225 0 0.0006 -0.0049 — —
1 0.0211  0.1927 2.0551 -0.0427
2 0.1049 -0.0003 5.5767  0.0497

FIG. 15 shows the prediction of the bloodstream concen-
tration vs. time profile for a 1000 mg dose, using both the
linear and systems and methods taught herein, according to
some embodiments. Both (i) the linear model and (ii) the
model of the systems and methods taught herein are com-
pared to the ‘data,” or numerical solution. Both the linear
model and the systems and methods taught herein provide
accurate fits to the C,=1, 10, and 100 mg data sets (discussed
as observed, but not plotted, for purposes of clarity). But,
when you consider the use of the model to predict the
C,=1000 mg data set, FIG. 15 shows that the systems and
methods taught herein provide a significantly more accurate
fit to the data. This is because the systems and methods
taught herein were able to pick up the nonlinear behavior
due to the saturable membrane transport phenomena. It
could be argued that one could adjust the mechanistic model
to reflect the nonlinearity, but it may not be known a priori
where the nonlinear phenomena occurs and precisely what
the nonlinear kinetic rate(s) should be. The systems and
methods taught herein pick up the nonlinearity automatically
and are able to extend that to make accurate predictions of
response due to higher-dose initial conditions.

Example 6

The Use of Surrogates in Modeling: Biomarkers
and Metabolomics

This example shows how the use of surrogates for
response data in modeling to predict a response. Surrogates
can include, for example, biomarkers and metabolomics. If
the generation of response data is prohibitively expensive or
time-consuming, for example, then the use of biomarkers or
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metabolites allows for the construction of a model that might
otherwise be impossible to build. For example, if the
response of interest is the size of a solid tumor and we would
like to have observations over a relatively short time scale
(minutes-hours), then we would have to obtain images of the
tumor every few minutes or hours, and the cost of imaging
technology in itself could be prohibitive.

In some embodiments, the term “biomarker” can be used
to refer a biological molecule found in blood, other body
fluids, or tissues that is (i) a sign of a normal or abnormal
process, or of a condition or disease; or, (ii) used to see how
well the body responds to a treatment for a disease or
condition. In some embodiments, A biomarker can also be
called “a molecular marker” or “a signature molecule.” In
some embodiments, a biomarker can be diagnostic, for
example, to help diagnose a cancer, perhaps before it is
detectable by conventional methods. In some embodiments,
a biomarker can be prognostic, for example, to forecast how
aggressive the disease process is and/or how a patient can
expect to fare in the absence of therapy. And, in some
embodiments, a biomarker can be predictive, for example, to
help identify which patients will respond to which drugs. For
example, biomarker can be used as a surrogate indication of
the progression of a tumor, for example, the measurement of
which can be less time-consuming and costly than the
measurement of the tumor size. The prostate-specific anti-
gen (PSA) is an example of a protein produced by cells of
the prostate gland that can be measured in blood samples, as
prostate cancer can increase PSA levels in the blood, making
PSA a biomarker for prostate tumors. Other examples of
biomarkers include, but are not limited to, C reactive protein
(CRP) for inflammation; high cholesterol for cardiovascular
disease; S100 protein for melanoma; HER-2/neu gene for
breast cancer; BRCA genes for breast and ovarian cancers
(BRCA1 and BRCA2); CA-125 for ovarian cancer; BNP in
heart failure, CEA in colorectal cancer; creatine levels in
renal failure; cerebral blood flow for Alzheimer’s disease,
stroke, and schizophrenia; high body temperature for infec-
tion; and, the size of brain structures for Huntington’s
disease.

Metabolomics uses metabolites as the intermediates and
products of metabolism, and metabolomics can be used in
input-response modeling, for example, in the area of drug
toxicity assessment. In some embodiments, metabolic pro-
filing of a body fluid can be used as a surrogate. In some
embodiments, metabolic profiling of urine or blood plasma
can be used as a surrogate, for example, to detect the
physiological changes caused by toxic insult of a chemical.
Pharmaceutical companies can use metabolomics in mod-
eling, for example, to test the toxicity of potential drug
candidates: if a compound can be eliminated before it
reaches clinical trials on the grounds of adverse toxicity, it
saves the enormous expense of the trials. In some embodi-
ments, the metabolite that is profiled can be an endogenous
metabolite produced by the subject, an exogenous metabo-
lite, or a xenometabolite produced by a foreign substance
such as a drug. In some embodiments, a metabolite can
include, but are not limited to, a lipoprotein or albumin.

In some embodiments, phenyalanine and tyrosine con-
centrations can be used for diagnosing inborn errors of
metabolism (IEM), as they are considered as potentially the
most clinically applicable metabolic biomarkers in combi-
nation with glucose for diabetes diagnosis.

In some embodiments, metabolites can be used in cancer
studies. For example, a subset of six metabolites (sarcosine,
uracil, kynurenine, glycerol-3-phosphate, leucine and pro-
line) have shown to be significantly elevated upon disease
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progression from benign to clinically localized prostate
cancer and metastatic prostate cancer. One metabolite, sar-
cosine, has been identified as a potential candidate for future
development in biomarker panels for early disease detection
and aggressivity prediction in prostate cancer. Components
of a mammalian system that can be used in such studies
include, for example, plasma, tissue and urine. Blood serum
can be used, for example, as the component in studies of
renal cancer colorectal cancer, pancreatic cancer, leukemia,
ovarian cancer, and oral cancer. Urine can be used, for
example, as the component in studies of breast cancer,
ovarian cancer, cervical cancer, hepatocellular carcinoma,
and bladder cancer. And, saliva can be used, for example, as
the component in studies of oral cancer, pancreatic cancer,
and breast cancer, as well as periodontal disease.

In some embodiments, metabolites can be used in cardio-
vascular studies. For example, pseudouridine, citric acid,
and the tricarboxylic acid cycle intermediate 2-oxoglutarate
can be used in some embodiments as serum biomarkers.
Cardiovascular conditions can include myocardial ischemia
and coronary artery disease. In some embodiments, dicar-
boxylacylcarnitines can be used to predict death/myocardial
infarction outcomes. And, in some embodiments, plasma
levels of asymmetric dimethylarginine can be used to predict
major adverse cardiac events in patients with acute decom-
pensated heart failure and with chronic heart failure.

All of the previous examples - - - PK modeling (Example
1), enzyme reaction modeling (Example 2), PD modeling
(Example 3), QSAR predictions (Example 4), and micro-
dosing studies (Example 5) - - - rely on response data in
order to build a model. Accordingly, surrogates such as
biomarkers and metabolomics can be used as a means to
obtain response data to build a useful model, particularly
where the generation of response data is prohibitively
expensive or time-consuming.

Example 7
Ex Vivo Testing and Personalized Medicine

Ex vivo testing results can be used to build the models for
use with the systems and methods taught herein. The term
“ex vivo” can be used to refer to experimentation or mea-
surements done in or on tissue in an environment outside the
organism with minimum alteration of natural conditions. Ex
vivo conditions allow experimentation under more con-
trolled conditions than is possible in in vivo experiments (in
the intact organism), at the expense of altering the “natural”
environment. A primary advantage of using ex vivo tissues
is the ability to perform tests or measurements that would
otherwise not be possible or ethical in living subjects.
Examples of ex vivo testing would be studying the growth
of bacteria in human cells and the associated antimicrobial
activity of potential antibiotics; or, studying the chemosen-
sitivity of fresh human hematopoietic cells, as well as
malignant cells, in order to select drugs with preferential
toxicity to malignant cells.

As such, the results of ex vivo testing can be used to
construct input-response models of a particular subject and,
based on that model, make predictions as to what types of
therapeutic compounds might be effective in yielding a
desired response within that subject. These models would
have to be able to capture the complex, nonlinear behavior
that is present in cell-, tissue-, and organ-scale processes.
The ability of the systems and methods taught herein to
quickly provide accurate and robust models of complex,
nonlinear phenomena, as demonstrated in the previous
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examples, makes them useful in the application of ex vivo
testing. One of skill will appreciated the significant impact
in the area of personalized medicine made possible by the
systems and methods taught herein; i.e., developing drug
therapies at a dosage that is most appropriate for an indi-
vidual patient.

Example 8

Demand Forecasting

The systems and methods taught herein have many poten-
tial applications outside of systems biology and drug design.
For example, an important area of application is demand
forecast modeling, where the input could be an individual
consumer and the response is a product or service that
individual might choose or require in the future. These
products or services could be, for example, retail consumer
products, health care services, or internet web sites.

In the case of QSAR modeling for biological applications,
a model is built using available data and the molecular
properties of an input compound are mapped to the param-
eters of the model. This mapping is then used to predict a
certain response of interest based on the molecular proper-
ties of the input. In the case of demand forecasting, a model
would be built using available data on individuals and their
observed demand for products and services. The specific
attributes of those individuals could then be mapped to the
parameters of the demand model.

Using demand forecasting for mapping, one could predict
a future demand for products and services based solely, for
example, on one or more specific attributes of an individual.
This type of modeling, and the predictions they would allow,
would be very valuable for consumer products manufactur-
ers, health care service providers, and those trying to reach
potential customers through online web services.

Example 9

Implementation of the Algorithms and Optimization
of Response Function Variables

This example shows the implementation of the algorithms
and optimization of response function variables for use in
the systems and methods taught herein.

9.1 Algorithm
Take the following steps:

1) Read in data: t,, f;; i=1, . . ., npts, where npts is the total
number of points in all the data sets;

2) Normalize all data values: f,*=f/scale, where:

Cy, if response species is the same as input species

Jscale = {

1, otherwise;

3) Transform data:
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-continued

where fg is the largest 1; value (smallest 7; value is assumed to be 0)

_ I+ o = 2o
Jovax = Frnin

where f,;, and f,.. are the smallest and largest f* values;

7

5

4) Fit data to the equation:

1018 + AA/I(I) (kernel) + [ll;]? + A;Ii (kernel)]

@n

= E[N?+N}(kemel)]f

A0 Al
- [N?H\?i(k 1)]? +..+ [Mn + Mn(kernel)]
1+ (eX = 2)e e

- e[/\?gm}l(kemen]f

0 o1 (T
14+ (ek = z)e[Nn+Nn(kemel)]r

where kernel is defined as:

1—e %

kernels ————
1+ (e*r —2)e™ 0

and this is done by minimizing the following objective
function for K, K, e, Mo% ..., MO M!, o, MY

J 0
NSO, ..

LNC and N, L an(see section 9.2 for details

of the minimization procedure):

npts (28)

F= Z [1018 + A;I(l)(kernel)] + [ll;]? + ll;]i(kernel)]

i=1

20 ol "
= e[N1+N1(kemel)]r;

0 1 N +---+[M2+Mi(kernel)]
L+ (ek - z)e[N1+N1(kemel)]r‘

NSt "
= e[Nn+Nn(kemel)]r;

0 .1 N i
14 (ek - Z)E[NnJan(kemel)]ri

5) Transform response function variables back to original

space (t,, £):

00 _ MQ+ Frn — 2 0 .
My = # © MQ = Mo = Foin) = Fonae + 2o
'max — Jmin
0 9 0
sz*7J*C>M?=(fr:ax_fr:in)Mj;j:15""n
Toax = Jonin
1
ol i 1 " it
Mij=————— oM =(fpu—FuinM; j=0,... .n
Jowax = Jonin
.0
G0 _ a0 o_ i ._
Nj_thmaX:)Nj_ﬁ,/_l,...,n
o1
ot ol 1_ i
Nj_thmaX:)Nj_ﬁ,/_l,...,n.

This will yield a final response function in terms of time
and initial dose,

46

f= [Mg + Mé (kerneD)]( fscale) + [M? + Mll (kerneD)](fscale) (29)

{ 1 = elM+M] temen]e

0 1
ek Z)Q[N?”Vll —” } + ...+ [M, + M, (kernel)]

1 — elMR+NE teemen]y }

1+ (ek - Z)E[N&N,g(kemel)]r

( fscale){

0 and, this function will serve as the prediction for a full
time-course response for a given dose. Transforming equa-
tion 27 into equation 29:

Substituting relationships from [3.] and [5.] into Equation
15 (27) gives:

M3+ frie = 2f b M (kernel) [ MY M} (kemel)}
+ + +
Sz = Jin Jovax = Jonin | Joax = Join Sorax = Jonin
20 0 | .
1— e[Nl (tmax)+N{ (rmax)(kemel)]—{r;l; MO
R - +
L4 (e — z)e[N?(rmHN} (tmax Nkemel)| - Jnax = Jonin
1
M, (kernel) }
25 Jonax = Jin
[Nt +N Y tmae kerme)] 3 o g «
l-e max S+ foa = 2in
L+ (ek — z)e[N,Q(rmamN,g tmax NkemeD)]l = Jomax = Frnin
30
Cancelling the ', —f' . andt, _ terms gives:
g max min max g
MO+ = 2f%5 + Ml (kernel) + [M{ + M} (kernel
0 max min 0 1 1
35
1 — NP+ eernen]s
+ ..+ [M° + M} (kernel
14 (eK _z)e[N?+Nll(kemel)]r LM n( )]
1 — oM+ Y teemen]s
40 1 + (eK — 2)elM+Nj (kemeble =S Fnex = 2

The f,, and 2 . terms cancel out, and f'=f/fscale,
which gives:

45
Mg + Mé (kernel) + [Ml0 + Mll (kernel)]
1 — NP+ eernen]s
— + o+ MO + M} (kernel)]
50 14 (eK = Z)E[N1 +N{ (kemeD]t
1 — @M+ teemen]s !
1+ (eK - z)e[N,?JrN,%(kemel)]r = Jscale
5> Multiplying both sides by fscale gives:
[Mg + Mé (kernel)](fscale) + [Ml0 + Mll (kerneD](fscale)
60 1 — NP+ eernen]s
T +.. 4 M2 + M. (kernel)]
14 (eK = Z)E[N1 +N{ (kemeD)]r
- E[N,?JrN,%(kemel)]r
(fscale){l + (eK — Z)E[N,%N,g(kemel)]r } =1
65

which is equivalent to Equation (29).
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9.2 Optimization of Response Function Variables

The optimization procedure consists of a set of nested
optimizazions forAthe response function variables K, K,,, a.,,,
and the Nj0 and le’s:

Perform a one-dimensional bounded search to find the K
value (note: there is only one K value across multiple
data sets within a given experiment) that minimizes a
function whose value is determined by
Performing a one-dimensional bounded search to find

the K, value that minimizes a function whose value
is determined by
Performing a one-dimensional bounded search to
find the a, value that minimizes a function whose
value is determined by
Cycling through a series of two-dimensional
bounded, adaptive grid-refinement searches to
find the Njo and le values that minimize the
objective function F, Equation (28)
To calculate M,° and M,"’s
(1) start with the obJectlve function, Equation (28),

npts

F= Z {[Mg + A;I(l)(kernel)] + [ll;]? + ll;]i(kernel)]

i=1

1 e[l\"/?m{(kemen]fi
{1 F(eF = z)e[ﬂ/?m}(kemen]?;
1— E[Nﬁm,ﬁ(kemen];‘- X 2
{ 1+ (eK — 2)el e ntemenli } ) f‘} ;

}+ R [ll;]s + Mi(kernel)]

and, (ii) solve the system of 2(n+1) linear equations that
results from setting

aF
—5 =0
am’
j=0,... ,n
and
aF
— =0
ant;
j=0,... ,n
npts
Ikl 22{ -
9F npts
= zz (kernel){} =
BMO i=1
P pis - E[N?+Ni(kemel)]f[
=2) ¢ — =0
~ (1) L] ok Z)E[N?w}(kemen];i
pis = e[/\??m}(kemen]f;
— (kernel){} T — | = 0
ant, - Lok — z)e[N1+N1(kemel)]r;
oF pis = E[Ngmi(kemel)]f;
=2 {} —— —| =
131\;12 | g g ok - Z)E[N2+N}1(kemel)]r[
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-continued
oF npts 1— E[N2+I\7,ll(kem€l)];i
— (kernel){} 0 o1 —|=0
oM, 4 1+ ek —2pelin+ntiemenls
where,

L0 Al L0 Al
= {[MO + Mo(kernel)] + [Ml + Ml(kernel)]

0 ol X
{ = E[N1+N1(kemel)]r;

01 - +---+[M3+A;Ii(kernel)]
L+(ek =2) SV emen]

- e[/\"/gm}l(kemen]i‘-
—t -7t
14 (K- Z)E[N,?JrN,{(kemel)]r; !

Rearranging yields:

Rz Rz

M 21+M Z()+M Z

RS oS s

it Z()+M Z()2+M Zo 1+ 81 Zo

i=1 i=1 i=1 i=1
L0 s & ~
M,y [Winl+ 82, 0l = > (117,
i=1 i=1 Py
o npts nptx nprx , N lnprx -
M7AZ(> 1+ Zo BYY OUP + 81,y 0FF + oo+
i=1 i=1
N Onprx N lnprx npts
n L OLLRl+ 81, 3" 0210 = ) 01,
i=1 i=1 i=1
N Onprx N lnprx Onprx
B Y Irl+ B0 Y Olnl+ 8, Y [1][n] +
i=1 i=1 i=1
npts npts npts

i=1

where,
() = (kernel)

and
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-continued

(0 o1 .
= e[Nj+Nj(kemel)]r;

0 o1 i
L4+ (eK = z)e[Nj+Nj(kemel)]r;

This yields the following system of equations, in matrix
form:

>oi il
DT0MT e 0]
o

DRI
oo o
S o

>
o
>np

Dlial Y0l YA Y] ol
D10l 0N Yo YOk . Y Okl

When a solution to this system of equations is required,
the C,, K, K, 0, Njo and Njo values are known. Therefore,
the Cy, K, and a, values are used to calculate a (kernel)
value, and the (kernel), K, Nj0 and Nj0 values are used to
calculate the [j] values, (=1, . . ., n). Given a (kernel) value
and the [j] values, the linear system of equations (shown
above) can be solved to give all of the Mjo and Mjl values

G=0, ..., n).

I claim:

1. A non-compartmental method of predicting a non-
linear, time-dependent response of a component of a system
to an input into the system, the method comprising:

identifying the system, the component, the input, and the

non-linear, time-dependent response;
wherein, the input includes a set of actual inputs and a
test input, and the non-linear time-dependent
response includes a set of non-linear, time-dependent
actual responses and a non-linear, test response;
obtaining the set of non-linear, time-dependent actual
responses of the component to the set of actual inputs;
using the set of actual inputs and the set of non-linear,
time-dependent actual responses to provide a model for
predicting the non-linear, test response to the test input,
the model comprising the formula

C() = [MY + M& (kernel)] + [M} + M} (kernel)] )

{ 1 — e~ +n]kemen)s

14 (oK — z)e—[N?+Nll(kemel)]i

} +..+ [M,? + M,i (kernel)]

1 — -V +NE teemen]
1+ (ek - z)e—[N2+N}L(kemel)]r

wherein,

M, . M, and M'; | M!, are overall scaling
parameters,

N NO, and N, N', are exponential scaling
parameters;

n ranges from 1 to 4;
K is an overall shifting parameter; and,

>0l
0%
Sl ol
Stonr Yok Ylour Yo’ .. Yokl ) ofuR

P ol
0%
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C(1) is the non-linear, time-dependent response to the
test input at time t;

and,
1-e %%
kemel= ——M—
1+ (efp —2)er 0
W) | 27
wh| | 20k
wy || >
PN
M|~

STomf; |

Mﬁ Z [ﬂ]fi
1

>0l

wherein, C, is the initial amount of the test input; K, is
a shifting parameter related to C; and, a, is shifting
and scaling parameter related to Cy;

and,

using the model to obtain the non-linear, time-dependent
test response to the test input.

2. The method of claim 1, wherein the system is an
environmental system and the component is selected from
the group consisting of air, water, and soil.

3. The method of claim 1, wherein the system is a
mammal, and the component is selected from the group
consisting of a cell, a tissue, an organ, a DNA, a virus, a
protein, an antibody, a bacteria.

4. The method of claim 1, wherein the system is a
chemical system.

5. The method of claim 1, wherein the system is a
mechanical system.

6. The method of claim 1, wherein the system is an
electrical system.

7. A non-compartmental method of predicting a non-
linear, time-dependent response of a component of a mam-
malian system to an input into the system, the method
comprising:

selecting a component of the system, the component

selected from the group consisting of a cell, a tissue, an
organ, a DNA, a virus, a protein, an antibody, a
bacteria;

selecting a set of actual inputs, the set of actual inputs

having an element selected from the group consisting
of a DNA, a virus, a protein, an antibody, a bacteria, a
chemical, a dietary supplement, a nutrient, and a drug;

obtaining a set of non-linear, time-dependent actual
responses of the component to the set of actual inputs;

using the set of actual inputs and the set of non-linear,
time-dependent actual responses to provide a model for
predicting a non-linear, test response to a test input, the
model comprising the formula
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C() = [MY + M& (kernel)] + [M} + M} (kernel)] )

{ 1 — e IV v Gemen]e

0 1
ek o 2)87[N?+N11 —” } + ...+ [M, + M, (kernel)]

1 — e IN3+n} (kemen]s
1+ (e z)e—[N,?JrN,%(kemel)]r

wherein,

MOO, o M°, and Mlo, o M!, are overall scaling
parameters;

Nol, L N°, and Nll, L N', are exponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(1) is the non-linear, time-dependent response to the
test input at time t;

and,

1—erC0

kemel= ——M——
1+ (ep —2)eC0

wherein, C,, is the initial amount of the test input; K, is
a shifting parameter related to C; and, a, is shifting
and scaling parameter related to C;

and,

using the model to obtain the non-linear, time-dependent
test response to the test input.

8. The method of claim 7, wherein the component is

blood.

9. The method of claim 7, wherein the component is a
tumor cell.

10. The method of claim 7,
virus.

11. The method of claim 7,
bacteria.

12. The method of claim 7,
response is a bacterial load.

13. The method of claim 7,
response is a viral load.

14. The method of claim 7,
response is a tumor marker.

15. The method of claim 7,
response is a blood chemistry.

16. The method of claim 7, wherein the set of actual
inputs includes a set of dosages of a drug.

17. The method of claim 7, wherein the set of actual
inputs includes a set of drugs.

18. The method of claim 7, wherein the input is a diabetes
drug, and the non-linear, time-dependent response is glucose
in the bloodstream.

19. A device for predicting a non-linear, time-dependent
response of a component of a physical system to an input
into the system, the device comprising:

a processor;

a database for storing a set of actual input data, a set of
non-linear, time-dependent actual response data, test
input data, and non-linear, time-dependent test
response data on a non-transitory computer readable
medium;

an enumeration engine on a non-transitory computer
readable medium to parameterize a non-compartmental

wherein the component is a
wherein the component is a
wherein the non-linear, test
wherein the non-linear, test
wherein the non-linear, test

wherein the non-linear, test
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model for predicting a non-linear, test response to a test
input, the non-compartmental model comprising the
formula

C(1) = [MY + M (kernel)] + [M} + M} (kernel)] )

{ 1 — g~ INP+n] teemenl

0 1
ek o 2)(["’?*"’% po—” } + ...+ [M, + M, (kernel)]

1 — o~V +n L teemen]s
1+ (ek = z)e—[N,?JrN,%(kemel)]r

wherein,

MOO, o M°, and Mlo, L M!, are overall scaling
parameters;

N° N° andN', ~ N', areexponential scaling
parameters;

n ranges from 1 to 4;

K is an overall shifting parameter; and,

C(1) is the non-linear, time-dependent response to the
test input at time t;

and,

1—eC

kemel= ————M—
1+ (efp —2)e 0

wherein, C, is the initial amount of the test input; K, is
a shifting parameter related to Cy; and, a,, is shifting
and scaling parameter related to C,;

and,

a transformation module on a non-transitory computer
readable medium to transform the test data into the
non-linear, time-dependent response data using the
non-compartmental model.

20. The device of claim 19, wherein the system is an
environmental system and the component is selected from
the group consisting of air, water, and soil.

21. A device for predicting a non-linear, time-dependent
response of a component of a mammalian system to an input
into the system, the device comprising:

a processor;

a database for storing a set of actual input data, a set of
non-linear, time-dependent actual response data, test
input data, and non-linear, time-dependent test
response data on a non-transitory computer readable
medium,;

an enumeration engine on a non-transitory computer
readable medium to parameterize a non-compartmental
model for predicting a non-linear, test response to a test
input, the non-compartmental model comprising the
formula

C(1) = [MY + M (kernel)] + [M} + M} (kernel)] )

{ 1 — IVl Gemen)

0 1
ek o 2)(["’?*"’% po—” } + ...+ [M, + M, (kernel)]

1 — g~ IND+n L teemen]s
1+ (e - z)e—[N,?JrN,%(kemel)]r
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wherein,

MOO, o M°, and Mlo, o M!, are overall scaling
parameters;

Nol, L N°, and Nll, L N', are exponential scaling 5
parameters;

n ranges from 1 to 4;
K is an overall shifting parameter; and,

C(1) is the non-linear, time-dependent response to the 19
test input at time t;

and,

15

1—erC

kemel= ——M——
1+ (ep —2)eC0

20
wherein, C,, is the initial amount of the test input; K, is

a shifting parameter related to Cg;

and, o, is shifting and scaling parameter related to C,;

54

and,

a transformation module on a non-transitory computer
readable medium to transform the test data into the
non-linear, time-dependent response data using the
non-compartmental model.

22. The device of claim 21, wherein the component is

blood.

23. The device of claim 21, wherein the component is a

tumor cell.

24. The device of claim 21, wherein the component is a

virus.

25. The device of claim 21, wherein the component is a

bacteria.

26. The device of claim 21, wherein the non-linear,

time-dependent response is a bacterial load.

27. The device of claim 21, wherein the non-linear,

time-dependent response is a viral load.

28. The device of claim 21, wherein the non-linear,

time-dependent response is a tumor marker.

29. The device of claim 21, wherein the non-linear,

time-dependent response is a blood chemistry.

30. The device of claim 21, wherein the device is a

handheld device.



